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ABSTRACT
KINETICS, REGULATION AND PURIFICATION OF 
L-PHENYLALANINE AMMON IA-LYASE (PAL) FROM 
GERMINATING LETTUCE SEEDS
By
GEORGE JOSE KUDAKASSERIL 
U n i v e r s i t y  o f  New H am p s h i r e ,  December  1983
L - p h e n y  I a I a n  I ne ammonf  a - I  y a s e  (PAL; EC 4 . 3 . 1 . 5 )  c a t a l y s e s  t h e  
e l i m i n a t i o n  o f  ammonia  f rom t h e  a r o m a t i c  ami n o  a c i d  L - p h e n y I a l a n l n e  t o  
p r o d u c e  t r a n s - c l n n a m l c  a c i d .  The enzyme  o c c u p i e s  an I m p o r t a n t  p o s i ­
t i o n  In t h e  s e c o n d a r y  m e t a b o l i s m  of  p l a n t s ,  b e i n g  t h e  f i r s t  enzyme of  
t h e  p h e n y l p r o p a n o i d  m e t a b o l i s m .
T h e  k i n e t i c s  o f  L - p h e n y I  a I an  I n e  ammonI  a - I y a s e  In g e r m i n a t i n g  
l e t t u c e  (L a c t u c a  s a t l v a  cv.  Grand R a p i d s )  s e e d s  was  I n v e s t i g a t e d .  The 
Km of t h e  enzyme was d e t e r m i n e d  f rom t h e ' L i n e w e a v e r - B u r k  p l o t  t o  be 
4 .2  x 10"5 M. PAL In l e t t u c e  s e e d s  d i d  n o t  show any t y r o s i n e  ammon I a -  
l y a s e  a c t i v i t y .  The n a t u r e  of  I n h i b i t i o n  o f  PAL by v a r i o u s  s u b s t r a t e  
a n a l o g u e s  and some p h e n y l p r o p a n o i d  compounds  was s t u d i e d .  S u b s t r a t e  
a n a l o g u e s  l i k e  D - p h e n y l a  I a n l n e ,  p - f I u o r o p h e n y l a  I a n l n e ,  / i - phenyI  l a c t i c  
a c i d  and  t r y p t o p h a n  we r e  found t o  I n h i b i t  PAL c o m p e t i t i v e l y  w h e r e a s  
t y r o s i n e  d i d  n o t  show any I n h i b i t i o n  of  enzyme a c t i v i t y .  The p r o d u c t  
o f  t h e  enzyme r e a c t i o n ,  c i n n a m i c  a c i d ,  was found  t o  be a c o m p e t i t i v e  
I n h i b i t o r  w h e r e a s  c h l o r o g e n l c  a c i d ,  an  e n d p r o d u c t  o f  t h e  
p h e n y l p r o p a n o i d  p a t h w a y ,  was found t o  show mi xed  I n h i b i t i o n .  S e v e r a l  
o t h e r  p h e n y l p r o p a n o i d  compounds  such  as  p - c o u m a r t c  a c i d ,  c a f f e l c  a c i d ,
f  e r u  I I c  a c l  d ,  c o u m a r l  n a n d  q u e r c e t l n  d i d  n o t  show a n y  I n h i b i t i o n  o f  
PAL a c t i v i t y  i n  v i t r o .
T h e  r e g u l a t i o n  o f  PAL a c t i v i t y  by v a r i o u s  s u b s t r a t e  a n a l o g u e s ,  
I n t e r m e d i a t e s  and e n d p r o d u c t s  of  t h e  p h e n y l p r o p a n o i d  p a t hway  In r e l a ­
t i o n  t o  t h e  g r o w t h  o f  t h e  e m b r y o n i c  a x i s  was  s t u d i e d .  200  s e e d s  each  
w e r e  I n c u b a t e d  In t h r e e  d i f f e r e n t  c o n c e n t r a t i o n s  o f  e a c h  c o m p o u n d  
u n d e r  I I g h t  f o r  2 4  h a n d  t h e  e n z y m e  e x t r a c t e d ,  d l a l y s e d  a n d  a s s a y e d .  
The l e n g t h  o f  t h e  r a d i c l e s  f rom 10 r a n d om l y  s e l e c t e d  g e r m i n a t e d  s e e d s  
f rom each  t r e a t m e n t  was  m e a s u r ed .  The s u b s t r a t e  L - p h e n y l a l a n l n e ,  I t s  
D - I s o m e r  and  ^ - p h e n y I  l a c t i c  a c i d  d i d  n o t  show any s i g n i f i c a n t  e f f e c t  
on PAL a c t i v i t y  p e r  s e e d  a t  low c o n c e n t r a t i o n s  (50 and 100 juM) w h e r e a s  
a t  h i g h e r  c o n c e n t r a t i o n s  ( 5 0 0  jjM) L - p h e n y  I a I a n  I ne I n h i b i t e d  t h e  
d e v e l o p m e n t  o f  PAL a c t i v i t y .  Growth of  t h e  r a d i c l e  was  a l s o  I n h i b i t e d  
a t  t h i s  c o n c e n t r a t i o n .  D - p h e n y I  a I an  I n e  on t h e  o t h e r  h a n d  p r o m o t e d  
b o t h  t h e  a m o u n t  o f  PAL p e r  s e e d  a s  w e l l  a s  t h e  e l o n g a t i o n  o f  t h e  
r a d i c l e .  O t h e r  s u b s t r a t e  a n a l o g u e s  l i k e  L - 2 - a m I n o x y - 3 - p h e n y I p r o p i o n i c  
a c i d  (L-AOPP) ,  p - f  I u o r o p h e n y  I a I an  I ne  a n d  t r y p t o p h a n  showed a s t r o n g  
I n h i b i t i o n  o f  PAL a c t i v i t y ,  t h e  I n h i b i t i o n  b e i n g  c o n c e n t r a t i o n  
d e p e n d e n t .  In c o n t r a s t  t o  o t h e r  s u b s t r a t e  a n a l o g u e s  t h a t  I n h i b i t e d  
PAL a c t i v i t y ,  AOPP p r o d u c e d  a s t i m u l a t i o n  o f  r a d i c l e  g r o w t h  a t  
c o n c e n t r a t i o n s  t h a t  I n h i b i t e d  PAL a c t i v i t y .  A n o t h e r  s u s b s t r a t e  
a n a l o g u e ,  t y r o s i n e ,  w a s  f o u n d  t o  s t i m u l a t e  b o t h  PAL a c t i v i t y  a n d  
r a d  I c  l e  el o n g a t l o n .
S e v e r a l  I n t e r m e d i a t e s  a n d  e n d p r o d u c t s  o f  t h e  p h e n y l p r o p a n o i d  
p a t h w a y  a c t e d  a s  s t r o n g  I n h i b i t o r s  o f  g e r m i n a t i o n  a s  w e l l  a s  t h e  
d e v e l o p m e n t  o f  PAL a c t i v i t y  a t  h i g h e r  c o n c e n t r a t i o n s .  A t  l o w e r  
c o n c e n t r a t i o n s  (50 and 100 juM) w her e  g e r m i n a t i o n  d i d  o c c u r  t h e r e  was a
ix
c o n c e n t r a t i o n  d e p e n d e n t  I n h i b i t i o n  o f  PAL a c t i v i t y  and a c o n c o m i t a n t  
r e d u c t i o n  In t h e  r a d i c l e  l e n g t h .  In a l l  t h e s e  t r e a t m e n t s  a  s t r o n g  
c o r r e l a t i o n  was o b s e r v e d  b e t w e e n  PAL a c t i v i t y  and r a d i c l e  l e n g t h .
PAL was p u r i f i e d  37 f o l d  f rom 40 h o l d  l e t t u c e  s e e d l i n g s .  S i n c e  
mor e  t h a n  95? o f  t h e  PAL In g e r m i n a t i n g  l e t t u c e  s e e d s  was  found  t o  be 
l o c a l i z e d  In t h e  r a d i c l e s ,  e x c i s e d  r a d i c l e s  w e r e  used a s  t h e  s o u r c e  o f  
t h e  e n z y m e  f o r  p u r i f i c a t i o n .  A c o m b i n a t i o n  o f  f o u r  t e c h n i q u e s  v i z .  
ammonium s u l f a t e  p r e c i p i t a t i o n ,  gel  f i l t r a t i o n  on Sephadex  G-200,  Ion 
e x c h a n g e  c h r o m a t o g r a p h y  on DEAE c e l l u l o s e  and hydroxy  I a p a t i t e  c h r o m a ­
t o g r a p h y  on B i o  Gel HTP we r e  us ed  f o r  t h e  p u r i f i c a t i o n  o f  PAL.
x
INTRODUCTION
P h e n y l a l a n i n e  ammon!  a -  l y a s e  (PAL; EC 4 . 3 . 1 . 5 )  c a t a l y z e s  t h e  
e l i m i n a t i o n  o f  ammonia  f rom t h e  a r o m a t i c  ami n o  a c i d  L - p h e n y l a  I a n ! n e  t o  
p r o d u c e  t r a n s - c l n n a m l c  a c i d .  T h i s  enzyme o c c u p i e s  a  key p o s i t i o n  In 
t h e  s e c o n d a r y  m e t a b o l i s m  o f  p l a n t s ,  b e i n g  t h e  f i r s t  e n z y m e  o f  t h e  
p h e n y l p r o p a n o i d  m e t a b o l i s m  In h i g h e r  p l a n t s .  T r a n s - c l n n a m l c  a c i d ,  t h e  
p r o d u c t  o f  t h e  enzyme r e a c t i o n ,  I s  a p r e c u r s o r  t o  a v a r i e t y  o f  p h e n y l -  
p r o p a n o l d  c o m p o u n d s  l i k e  f l a v o n o l d s ,  c o u m a r l n s ,  c h l o r o g e n l c  a c i d ,  
I f g n l n  e t c .  T h e s e  c o m p o u n d s  a r e  e i t h e r  I n v o l v e d  In p r o t e c t i n g  t h e  
p l a n t  a g a i n s t  p a t h o g e n s  o r  In a l l e l o p a t h l c  I n t e r a c t i o n s .  The r a t e  o f  
PAL a c t i v i t y  c o u l d  d e t e r m i n e  t h e  a moun t  o f  p h e n y l a l a n i n e  a v a i l a b l e  f o r  
p r o t e i n  b i o s y n t h e s i s  and f o r  p h e n y l p r o p a n o i d  b i o s y n t h e s i s .  T h e r e f o r e ,  
t h e  a c t i v i t y  o f  t h i s  enzyme In t h e  c e l l s  s eems  t o  be we l l  r e g u l a t e d .
P h e n y l a l a n i n e  ammon I a - l y a s e  I s  a l s o  one  of  t h e  mos t  e x t e n s i v e l y  
s t u d i e d  enzymes  In p l a n t s .  T h i s  enzyme was f i r s t  I s o l a t e d  and c h a r ­
a c t e r i s e d  by Kouko l  a n d  Conn ( 1 9 6 1 )  f r o m  b a r l e y  s e e d l i n g s .  S i n c e  
t h e n ,  I t  ha s  been r e p o r t e d  f rom a v a r i e t y  o f  h i g h e r  p l a n t s  a s  we l l  as  
f rom a l g a e  and f u n g i .  In m i c r o o r g a n i s m s  t h e  enzyme f u n c t i o n s  in t h e  
c a t a b o l I s m  o f  e x o g e n o u s l y  s u p p l i e d  a m i n o  a c i d s ,  t h e  p r o d u c t s  b e i n g  
used a s  a c a r b o n  s o u r c e .  T h e r e  ha s  been no r e p o r t  of  t h e  e x i s t a n c e  o f  





Reg u l a t i o n  q ± EAL
The r e g u l a t i o n  of  p h e n y l a l a n i n e  a m m o n i a - l y a s e  in p l a n t s  ha s  r e ­
e l  eved  a g r e a t  dea l  o f  a t t e n t i o n  b e c a u s e  o f  I t s  s e n s i t i v i t y  t o  v a r i o u s  
e x t e r n a l  s t i m u l i ,  s u c h  a s ,  l i g h t ,  w o u n d i n g ,  f u n g a l  a n d  v i r a l  i n f e c ­
t i o n s ,  h o r mones  and v a r i o u s  c h e m i c a l s .
L i g h t
S i n c e  t h e  f i r s t  r e p o r t  f r o m  Z u c k e r  ( 1 9 6 5 )  on  t h e  i n d u c t i o n  o f  
PAL In p o t a t o  s i  i c e s  by I i g h t ,  t h e  e f f e c t  o f  I i g h t  on t h e  r e g u l a t i o n  
o f  PAL I e v e  I s  h a s  b e e n  s t u d  I ed in g r e a t  d e t a  I I in a v a r  i e t y  o f  pi a n t  
t i s s u e s .  In m o s t  c a s e s  a t y p i c a l  t i m e  c o u r s e  o f  PAL r e s p o n s e  t o  l i g h t  
i n v o l v e s  t h r e e  p h a s e s ;  1. a l a g  p h a s e  whi ch  i s  a p p r o x i m a t e l y  90 m i n s ;
2 . a  p h a s e  o f  i n i t i a l l y  l i n e a r  I n c r e a s e  i n e n z y m e a c t i v i t y  l a s t i n g  
f o r  3 - 2 0  h f o l l o w e d  b y ;  3 .  a p h a s e  o f  r a p i d  l o s s  o f  a c t i v i t y .  The  
s t i m u l a t o r y  e f f e c t  o f  l i g h t  s eems  t o  be a g e n e r a l  o n e  a l t h o u g h  e x c e p ­
t i o n s  a r e  known  w h e r e  l i g h t  h a s  no e f f e c t  on PAL ( N i t s c h  and  N i t s c h ,  
1 9 6 7 ;  W a l t  on a n d  S o n d h e  I m e r ,  1 9 6 8 ;  RI ov e t  a I . ,  1 9 6 9 . )  The  p h o t o r e ­
c e p t o r s  i n v o l v e d  In t h e  PAL r e s p o n s e  t o  l i g h t  v a r y  among d i f f e r e n t  
pi a n t s .
P h y t o c h r o m e  I n v o l v e m e n t  h a s  b e e n  d e m o n s t r a t e d  in  S i n a p i s  a l b a  
( D u r s t  a n d  Mohr ,  1 9 6 6 ;  Mohr  e t  a l „  1 968 ;  D i t t e s  e t  a I . ,  1 9 7 1 ;
S c h o p f e r ,  1 97 1 ;  S c h o p f e r  a n d  Hock ,  1 97 1 ;  S c h o p f e r  a n d  Mo h r ,  1 9 7 2 ;  
A c t o n  a n d  S c h o p f e r ,  1 9 7 4 ;  A t t r i d g e  e t  a l . ,  1 9 7 4 ;  Wei I ma n ,  1 9 74 ;  Tong  
a n d  S c h o p f e r ,  1 9 76 ;  Mohr  e t  a l . ,  1 9 7 9 ) ,  C u c u m i s  s a t i v u s  ( E n g e l s m a ,  
1 9 6 7 ,  1 9 68 ;  A t t r i d g e  a n d  S m i t h ,  1 9 7 4 ) ,  P e t r o s e I  Inum h o r t e n s e  
(Wel lmann ,  1974;  Wel lmann  and Ba r o n ,  1974;  Wel l mann ,  1975;  Wel lmann
3and S c h o p f e r ,  1975;  S c h r o d e r ,  1977) ,  Raphanus  s a t f v u s  ( B e l l i n i  and Van 
P o u c k e ,  1 9 7 0 ;  H u a u l t ,  1 9 7 4 ;  Tome e +  a l . ,  1 9 7 5 ) ,  B r a s s l c a  o l e r a c e a  
( Enge l sma ,  1970;  P e c k e t  and B a s s l n ,  1974) ,  P i s um s a t i v u m  ( A t t r i d g e  and 
S m i t h ,  1 9 6 7 ;  S m i t h  a n d  A t t r i d g e ,  1 9 7 0 ) ,  H e l l a n t h u s  t u b e r o s u s  ( D u r s t  
a n d  D u r a n t o n ,  1 9 7 0 ;  J a m e s  a n d  D a v i d s o n ,  1 9 7 7 ) ,  Fagopyr . um e s c u I e n t u m  
( Sc h e r f  and Zenk,  1967) ,  Hordeum v u l g a r e  (Me C l u r e ,  1974;  S a u n d e r s  and 
Me C l u r e ,  1975) ,  F r a g a r l a  v e s c a  (Wong e t  a l . ,  1974) ,  G l y c l n e  max (Duke 
e t  a I . ,  1979) ,  and L y c o p e r s l c o n  e s c u  I en t um ( L e r c a r l  e t  a I . ,  1982) .  In 
a l l  t h e s e  I n s t a n c e s  a s h o r t  p e r i o d  o f  I l l u m i n a t i o n  w i t h  r e d  l i g h t  (R) 
c a u s e s  an I n c r e a s e  In PAL a c t i v i t y .  A b r i e f  I l l u m i n a t i o n  w i t h  f a r  r e d  
(FR) s u p p r e s s e s  t h e  r e s p o n s e  t o  r e d  l i g h t .
On t h e  o t h e r  hand ,  c o n t i n u o u s  f a r  r e d  I l l u m i n a t i o n  i n c r e a s e s  PAL 
l e v e l s  In e t i o l a t e d  t i s s u e s  ( D u r s t  and Mohr,  1966;  A t t r i d g e  and S m i t h ,  
1 9 6 7 ;  B e l l i n i  a n d  Van P o u c k e ,  1 9 7 0 ) .  A c c o r d i n g  t o  H a r t m a n n  (1 967)  
u n d e r  c o n s t a n t  f a r  r ed  l i g h t ,  3 - 5 ?  o f  t h e  p h y t o c h r om e  In a g i v e n  p l a n t  
m a t e r i a l  I s  p r e s e n t  in t h e  a c t i v e  u n s t a b l e  ( P f r )  f o r m ,  t h e  r e m a i n d e r  
b e i n g  m a i n t a i n e d  In a  s t a b l e  b u t  I n a c t i v e  form (Pr ) .  The m a i n t e n a n c e  
of  t h e  low b u t  s i g n i f i c a n t  amoun t  o f  P f r  I s  b e l i e v e d  t o  be r e s p o n s i b l e  
f o r  t h e  p h o t o m o r p h o g e n e t l c  e f f e c t s  of  c o n s t a n t  FR l i g h t .  T h i s  hypo­
t h e s i s  h a s  b e e n  u s e d  by D u r s t  a n d  Mohr  (1 9 6 6 )  t o  e x p l a i n  t h e  r e s u l t s  
on PAL a c t i v i t i e s  In FR i r r a d i a t e d  m u s t a r d  and r a d i s h  s e e d l i n g s .  More 
r e c e n t l y ,  h o we v e r ,  D a i n e s  e t  a l . ,  (1983)  have  shown t h a t  l e t t u c e  s e e d s  
k e p t  u n d e r  c o n t i n u o u s  FR or  g e r m i n a t e d  l e t t u c e  s e e d s  t r a n s f e r r e d  f rom 
w h i t e  l i g h t  t o  c o n t i n u o u s  FR do n o t  p r o d u c e  s i g n i f i c a n t  l e v e l s  of  PAL.
In a d d i t i o n  t o  e x h i b i t i n g  R-FR r e v e r s i b i l i t y ,  some s y s t e m s  a r e  
s e n s i t i v e  t o  b l u e  l i g h t .  In g h e r k i n  s e e d l i n g s ,  a long t e r m  i r r a d i a t i o n
4w i t h  b l u e  l i g h t  r e s u l t s  In a g r e a t  s t i m u l a t i o n  o f  PAL a c t i v i t y  
(Enge l sma and M a l j e r ,  1965;  Engel  sma,  1967).  In t h i s  c a s e  t h e r e  I s  no 
R-FR I n d u c t I o n - r e v e r s I o n .  M o r e o v e r ,  e v e n  t i s s u e  e x p o s e d  t o  R o r  FR 
l i g h t  w i l l  r e s p o n d  t o  b l u e  l i g h t .  The p h o t o r e c e p t o r  f o r  b l u e  l i g h t ,  
t h e  n a t u r e  o f  w h i c h  i s  n o t  known a t  p r e s e n t ,  s e e m s  t o  be  l o c a t e d  In 
t h e  c o t y l e d o n s .
Wounding
An I n c r e a s e d  l e v e l  o f  PAL upon  w o u n d i n g  o c c u r s  In g h e r k i n  
( E n g e l s m a ,  1 9 6 8 ) ,  e x c i s e d  b e a n  a x e s  ( W a l t o n  a n d  S o n d h e l m e r ,  1 9 6 8 ) ,  
s w e e t  p o t a t o  (Mlnamlkawa and U r l t a n l ,  1968) ,  c i t r u s  f r u i t  peel  (Riov 
e t  a I . ,  1969) ,  s w e d e s  (Rhodes and W o o l t o r t o n ,  1971) ,  and pea s e e d l i n g s  
(Hyodo and Yang,  1971) .  In m o s t  c a s e s  t h i s  e f f e c t  ha s  been a t t r i b u t e d  
t o  t h e  p r o d u c t i o n  o f  e t h y l e n e  In r e s p o n s e  t o  wounding  ( Ima s ek i  e t  a l . ,  
1968;  Riov  e t  a I . ,  1969;  Hyodo and Yang,  1971;  C h a l u t z ,  1973)
P a t h o g e n s
PAL Is a l s o  Induced  In r e s p o n s e  t o  v a r i o u s  p l a n t  p a t h o g e n s  a s  In 
s w e e t  p o t a t o  i n f e c t e d  w I t h  C e r a t o c y s t I s  f I m b r  i a t a  ( M i n a m i k a w a  a n d  
U r l t a n l ,  1965) ,  s o yb e a n  I n f e c t e d  w i t h  H e l m l n t h o s p o r i u m  ca r bonum (Biehn 
e t  a I . ,  1 9 6 8 ) ,  e x c i s e d  p e a  a n d  b e a n  p o d s  I n o c u l a t e d  w i t h  F u s a r  i urn 
so l  an i and F u s a r  i urn p h a s e o l I  r e s p e c t i v e l y  (Hadwl ger  e t  a l . ,  1970) ,  In 
t o b a c c o  i n f e c t e d  o r  w i t h  t o b a c c o  m o s a i c  v i r u s  ( P a y n o t  e t  a I . ,  1 9 7 1 ) ,  
i n  w h e a t  I n f e c t e d  w i t h  E r y s I p h a e  g r a m  i n i s  ( G r e e n  e t  a l . ,  1 9 7 5 ) ,  o r  
p o t a t o  i n f e c t e d  w i t h  P h y t o p h t h o r a  I n f e s t a n s  ( Smi t h  and Rubery ,  1981) .  
T h i s  i n c r e a s e  In PAL a c t i v i t y  f o l l o w i n g  I n f e c t i o n  I s  a h o s t  r e s p o n s e  
a s s o c i a t e d  w i t h  t h e  s y n t h e s i s  o f  f u n g l t o x l c  c o m p o u n d s  l i k e
5p h y t o a l e x i n s  ( H a d w l g e r  e t  a l . ,  1 97 0 ;  R a h e  e t  a l . ,  1 96 9 ;  L o s c h k e  e t  
a l . ,  1 9 8 1 ) ,  o r  s y n t h e s i s  o f  I f g n l n  ( G r e e n  e t  a l . ,  1 9 75 ;  Kopp e t  a l . ,  
1983 )  a n d  v a r i o u s  p h e n o l I c  c o m p o u n d s  ( B l e h n  e t  a l . ,  1 9 6 8 ;  S m i t h  a n d  
Rubery ,  1981) ,  I m p l i c a t e d  In d e f e n s e  me c h an i s ms  in p l a n t s .
G r o w t h  Requ Ia t -or s
T h e  a c t i v i t y  o f  PAL i s  i n d u c e d  by v a r i o u s  h o r m o n e s  a n d  g r o w t h  
r e g u l a t o r s  In v a r i o u s  t i s s u e s .  T r e a t m e n t  w i t h  g i b b e r e l l i c  a c i d  i n ­
c r e a s e d  t h e  s p e c i f i c  a c t i v i t y  of  PAL In d w a r f  p e a s ,  c o r n  , t o m a t o  and 
b e a n  s e e d l i n g s  (Cheng  a n d  M a r s h ,  1 9 6 8 ;  R e i d  and  M a r s h ,  1 9 6 9 ) .  
E t h y l e n e  a l s o  I n d u c e d  PAL in s w e e t  p o t a t o  ( I m a s e k I  e t  a l . ,  1 9 6 8 ) ,  
c i t r u s  f r u i t  pe e l  (Riov e t  a l . ,  1969) ,  s w e d e s  (Rhodes and W o o l t o r t o n ,  
1 9 7 1 ) ,  p e a  s e e d l i n g s  ( Hyodo  a n d  Yang ,  1 9 7 1 ) ,  a n d  In l e t t u c e  l e a v e s  
(Hyodo  e t  a I . ,  1 9 7 8 ) .  H a d d o n  a n d  N o r t h c o t e  ( 1 9 7 5 )  o b s e r v e d  t h a t  t h e  
t r a n s f e r  o f  bean c a l l u s  f rom a medium c o n t a i n i n g  2 mg l “ 1 2,4-D t o  a 
medium c o n t a i n i n g  1 mg l “  ^ n a p h t h a l e n e a c e t l c  a c i d  (NAA) and 0.2 mg 1  ^
k i n e t l n  c a u s e d  an  I n c r e a s e  in PAL a c t i v i t y .  D i x o n  a n d  F u l l e r  ( 1 9 7 6 )  
found t h a t  t h e  t r a n s f e r  of  bean c e l l s  f rom a h i g h e r  c o n c e n t r a t i o n  o f  
2 , 4 - D  (2 x 10 ” 5 M) t o  a l o w e r  c o n c e n t r a t i o n  o f  2 , 4 - D  (2  x 1 0 - 7  M) 
c a u s e d  an I n c r e a s e  in t h e  s p e c i f i c  a c t i v i t y  o f  PAL. B e n z y l a d e n I n e  (1 
uM) c a u s e d  an I n c r e a s e  in PAL a c t i v i t y  in c y t o k i n i n  d e p e n d e n t  t o b a c c o  
c a l l u s  (Kubol  and  Y a m a d a ,  1 978 ) .  B e v a n  a n d  N o r t h c o t e  ( 1 9 7 9 )  h a v e  
shown t h a t  NAA and k i n e t l n  s t i m u l a t e d  PAL a c t i v i t y  in bean s u s p e n s i o n  
c u l t u r e s .  R e c e n t l y  D a i n e s  a n d  M l n o c h a  ( 1 9 8 3 )  h a v e  s h o wn  t h a t  ABA 
( 0 . 0 2  mM) s u p p r e s s e d  t h e  a p p e a r a n c e  o f  PAL In g e r m i n a t i n g  l e t t u c e  
s e e d s .  In a d d i t i o n ,  bo t h  benzy I a d e n l  ne and GA3 w e r e  a l s o  found t o  be 
i n h i b i t o r y  t o  t h e  d e v e l o p m e n t  of  PAL in l e t t u c e  s e e d s .
6P h e n y l p r o p a n o l d  ssmpfijLELds
V a r i o u s  p h e n y l p r o p a n o i d  compounds  have  been  shown t o  r e g u l a t e  PAL 
l e v e l s  t h r o u g h  f ee d  back  I n h i b i t i o n  of  t h e  enzyme s y n t h e s i s  In g h e r k i n  
h y p o c o t y l s  (En g e l sma ,  1968;  J o h ns o n  e t  a l . ,  1975) ,  J e r u s a l e m  a r t i c h o k e  
( D u r s t ,  1 9 7 6 ) ,  p o t a t o  t u b e r  s l i c e s  (Lamb,  1 9 7 9 ) ,  a n d  p e a  e p l c o t y l s  
( S h i e l d s  e t  a I . ,  1982) .  In pea  e p l c o t y l s ,  e x o g en ou s  s u p p l y  o f  p h e n y l ­
p r o p a n o i d  pa t hway  I n t e r m e d i a t e s  l i k e  c i n n a m i c  a c i d ,  p - c o u m a r l c  a c i d ,  
f e r u l I c  a c i d  and s l n a p i c  a c i d  i n h i b i t e d  t h e  I n i t i a l  d e v e l o p m e n t  of  PAL 
a c t i v i t y  and I f  added  a t  t h e  t i m e  o f  h i g h  enzyme l e v e l s  In t h e  t i s s u e ,  
c a u s e d  a r a p i d  d e c r e a s e  In e n z y m e  a c t i v i t y  ( S h i e l d s  e t  a l . ,  1 9 8 2 ) .  
Some o f  t h e  e n d p r o d u c t s  o f  t h e  p h e n y l p r o p a n o i d  p a t h w a y  s u c h  a s  
c o u m a r l n s ,  f l a v o n o l d s  and c h l o r o g e n l c  a c i d  have  a l s o  been  I m p l i c a t e d  
In t h e  r e g u  I a t  i on o f  PAL a c t  I v i t y  b a s e d  o n  J_a v I t r o  e n z y m e  k I n e t  I c s  
s t u d i e s  ( A t t r i d g e  e t  a l . ,  1971;  I r e d a l e  and S m i t h ,  1974) .
In an  a t t e m p t  t o  s t u d y  t h e  n a t u r e  o f  r e g u l a t i o n  o f  PAL by 
c i n n a m i c  a c i d  and o t h e r  p h e n y l p r o p a n o i d  compounds ,  v a r i o u s  c o m p e t i t i v e  
i n h i b i t o r s  o f  t h e  e n z y m e  e g .  s u b s t r a t e  a n a l o g u e s ,  h a v e  b e e n  u s e d  in 
v I v o  t o  b l o c k  t h e  s y n t h e s i s  o f  t h e s e  p h e n y I p r o p a n o i d s  a n d  e x a m i n e  
t h e i r  e f f e c t  on PAL s y n t h e s i s .  Am I n o x y a c e t I c  a c i d  (AOA) and D and L- 
2 - a m ! n o x y - 3 - p h e n y l p r o p ! o n ! c  a c i d  (AOPP), t w o  s u b s t r a t e  a n a l o g u e s  which  
a r e  p o t e n t  c o m p e t i t i v e  i n h i b i t o r s  o f  t h e  e n z y m e  I n v I t r o  h a v e  b e e n  
used  i n  v i v o  t o  a l t e r  t h e  p h e n y l p r o p a n o i d  m e t a b o l i s m .  Of t h e s e ,  t h e  
e f f e c t  o f  AOPP s e e m s  t o  be  m o r e  s p e c i f i c  t h a n  t h a t  o f  AOA. Noe and  
S e i t z  (1983)  h a v e  r e c e n t l y  shown t h a t  L-AOPP does  n o t  e f f e c t  p r o t e i n  
s y n t h e s i s .  Be c a us e  o f  I t s  s p e c i f i c  e f f e c t  on PAL, AOPP h a s  become one
7o f  t h e  I m p o r t a n t  t o o l s  In t h e  p h y s i o l o g i c a l  s t u d i e s  of  t h e  r e g u l a t i o n  
o f  PAL and t h e  m e t a b o l i s m  o f  phenyI  p r o p a n o l d s .
One o f  t h e  m o s t  common  e f f e c t s  o f  AOPP on many t i s s u e s  I s  t o  
c a u s e  a l a r g e  I n c r e a s e  In e x t r a c t a b l e  PAL a c t i v i t y .  T h i s  may be due  t o  
a d e c r e a s e d  f e e d b a c k  i n h i b i t i o n  o f  PAL s y n t h e s i s  b e c a u s e  o f  t h e  d e ­
c r e a s e d  l e v e l s  o f  c i n n a m i c  a c i d  and /  o r  i t s  d e r i v a t i v e s  (Duke e t  a l . ,  
1980) .  Both AOA and AOPP p r o d uc e d  a s u p e r  i n d u c t i o n  o f  PAL in g h e r k i n  
h y p o c o t y l s  ( A m h r e i n  a n d  G e r h a r d t ,  1979) .  In s o m e  t i s s u e ,  a 3 6  f o l d  
i n c r e a s e  in  PAL w a s  o b s e r v e d  In t h e  p r e s e n c e  o f  AOPP a l o n g  w i t h  
e x c i s i o n  o r  wound ing  and l i g h t .  In c a r r o t  c e l l  s u s p e n s i o n  c u l t u r e s ,  
AOPP n o t  o n l y  p r o d u c e d  a s u p e r  I n d u c t i o n  o f  PAL a c t i v i t y  (8  t i m e s  
h i g h e r  t h a n  c o n t r o l ) ,  b u t  a l s o  a f f e c t e d  t h e  t i m e  c o u r s e  o f  PAL 
a p p e a r a n c e .  In u n t r e a t e d  c u l t u r e s ,  maximum PAL a c t i v i t y  was o b s e r v e d  
24  h a f t e r  I n o c u l a t i o n .  W i t h  AOPP ( 1 0 “ 4 M) a s e c o n d  p e a k  o f  PAL 
o c c u r e d  a f t e r  96 h (Noe e t  a l . ,  1 9 8 0 ) .  S i m i l a r l y ,  AOPP was  f o u n d  t o  
p r o l o n g  t h e  p h a s e  o f  i n c r e a s e  i n  PAL in p o t a t o  t u b e r  t i s s u e s  ( Lamb ,  
1 9 8 2 ) .  In s o y b e a n  s e e d l i n g s ,  h o w e v e r ,  AOA and  AOPP a f f e c t e d  PAL 
a c t i v i t y  d i f f e r e n t l y .  Wh e r e a s  AOA l i n e a r l y  r e d u c e d  e x t r a c t a b l e  PAL 
a c t i v i t y  In d a r k  g r o w n  s o y b e a n  s e e d  I I n g s  ( H o a g l a n d  a n d  Duke ,  1 9 8 2 ) ,  
AOPP, on t h e  o t h e r  hand ,  I n c r e a s e d  PAL l e v e l s  In t h i s  t i s s u e  (Duke e t  
a l . ,  1 9 8 0 ) .  The  e x t r a c t a b l e  PAL a c t l v t y  in r e s p o n s e  t o  c o l d  t r e a t ­
m e n t  In  S p ha g nu m m a g e  I I a n  I cum w a s  s i g n i f i c a n t l y  i n c r e a s e d  in t h e  
p r e s e n c e  of  AOPP ( T u t s c h e k ,  1982) .
In c o n t r a s t  t o  a b o v e  r e p o r t s ,  B e r l  in a n d  V o l I m e r  ( 1 9 7 9 )  f o u n d  
t h a t  AOPP d i d  n o t  a f f e c t  e x t r a c t a b l e  PAL a c t i v i t y  in c e l l  s u s p e n s i o n  
c u l t u r e s  of  t o b a c c o .  F u r t h e r m o r e ,  H a v i r  (1981)  r e p o r t e d  t h a t  b o t h  AOA
8a n d  AOPP r e d u c e d  t h e  l e v e l s  o f  e x t r a c t a b l e  PAL f r o m  s o y b e a n  c e l l  
s u s p e n s i o n  c u l t u r e s .  I t  w a s  s u g g e s t e d  t h a t  t h e  a p p a r e n t  d e c r e a s e  In 
e x t r a c t a b l e  PAL by AOPP c o u l d  be  d u e  t o  I t s  I r r e v e r s i b l e  b i n d i n g  t o  
PAL in t h e  t i s s u e  l e a d i n g  t o  I t s  I n a c t i v a t i o n .
A n o t h e r  c o m p e t i t i v e  I n h i b i t o r  of  t h e  enzyme whi ch  ha s  been  used 
t o  s t u d y  t h e  r e g u l a t i o n  o f  PAL I s  D - p h e n y I  a I a n i n e .  In J e r u s a l e m  
a r t i c h o k e  t u b e r  t i s s u e ,  D - p h e n y l a l a n l n e  c a u s e d  a marked  s t i m u l a t i o n  o f  
e x t r a c t a b l e  PAL a c t i v i t y  when s u p p l i e d  in t h e  c u l t u r e  medium ( D u r s t ,  
1976) .  I t  was  s u g g e s t e d  t h a t  a d e c r e a s e  In t h e  t r a n s - c I n n a m a t e  pool 
d u e  t o  t h e  c o m p e t i t i o n  o f  D - p h e n y I  a I an  I n e  w i t h  L - p h e n y I  a I an  I n e  f o r  
e n z y m e  a c t i v i t y  c o u l d  h a v e  r e s u l t e d  In I n c r e a s e d  e n z y m e  s y n t h e s i s .  
S i m i l a r  r e s u l t s  h a v e  b e n  r e p o r t e d  In r a d i s h  c o t y l e d o n s  ( H u a u l t  a n d  
K l e i n - E u d e ,  1978 )  a n d  p o t a t o  t u b e r  d i s c s  (Lamb,  1 9 8 2 ) .  On t h e  o t h e r  
h a n d ,  W a l t o n  ( 1 9 6 8 )  d i d  n o t  o b s e r v e  a n y  e f f e c t  on PAL a c t i v i t y  In 
e x c i s e d  bean  a x e s  in t h e  p r e s e n c e  of  D-pheny la l  a n l  ne.  The e f f e c t  of  
p - f I u o r o p h e n y l a l a n l n e  ( a n o t h e r  s u b s t r a t e  a n a l o g u e )  on PAL a c t i v i t y  ha s  
been  I n v e s t i g a t e d  In e x c i s e d  bean a x e s  ( Wa l t on ,  1968) and o a t  c o l e o p -  
t l l e s  (Hopkins  and O r k w I s z e w s k l , 1971) .  In b o t h  c a s e s  an I n h i b i t i o n  
o f  PAL a c t i v i t y  by t h i s  compound was o b s e r v e d .
O t h e r  T r e a t me n t s
A w i d e  v a r i e t y  of  t r e a t m e n t s  such  as  DNA I n t e r c a l a t i n g  compounds ,  
p s o r a l e n  c o m p o u n d s ,  p o l y a m i n e s ,  h e r b i c i d e s  e t c . ,  h a v e  b e e n  f o u n d  t o  
s t i m u l a t e  PAL a c t i v i t y  In many t i s s u e s .  In pea pods  DNA I n t e r c a l a t i n g  
a g e n t s  l i k e  9 - a m i n o a c r i d I n e ,  t a c r i n e ,  D E - a c r l d l n e ,  C D M - a c r i d I n e ,  
q u i n a c r l n ,  t h i o n l n e ,  m e t h y l e n e  b l u e  and p y r o n i n e  Y, have  been  r e p o r t e d  
t o  be I n d u c e r s  o f  PAL a c t i v i t y  (Hess  and H a d w i g e r ,  1971;  Ha d wi g e r  and
9Schwochan,  1971) .  An a n a l o g u e  o f  t h y m i d i n e ,  5 - B r o m o d e o x y u r I d l n e ,  was 
a l s o  f o u n d  t o  I n d u c e  PAL In p e a  p o d s  ( S a n d e r  a n d  H a d w i g e r ,  1 9 7 9 ) .  
P s o r a l e n  c o m p o u n d s  l i k e  x a n t h o t o x l n  I n d u c e d  PAL In p e a  p o d s  In  t h e  
p r e s e n c e  o f  UV l i g h t  ( H a d w i g e r ,  1972).  The h e r b i c i d e  g l y p h o s a t e  was 
found  t o  I nduce  PAL in d a r k  grown s oybe a n  s e e d l i n g s  (Hoagland  e t  a l . ,  
1979) .  P o l y a m l n e s  l i k e  p o l y - L - l y s l n e  and p o l y - L - a r g l n I n e  ( s p e r m i d i n e )  
h a v e  b e e n  f o u n d  t o  I n d u c e  PAL in p e a  p o d s  ( H a d w i g e r  a n d  S c h w o c h a n ,  
1970 ) .
T r a n s f e r  of  c a l l u s  t i s s u e s  o r  c e l l  s u s p e n s i o n  c u l t u r e s  t o  f r e s h  
m e d i a  a l s o  r e s u l t e d  In t h e  I n d u c t i o n  of  PAL in p a r s l e y  (Ha h l b r o c k  and 
Wel l ma nn ,  1973) ,  d w a r f  F r en c h  bean (Dixon e t  a l . ,  1980) and p i n e  (Lau 
e t  a l . ,  1 9 8 0 ) .  The  c o m p o s i t i o n  o f  t h e  m e d i u m  a l s o  c o u l d  a f f e c t  PAL 
a c t i v i t y .  In s u s p e n s i o n  c u l t u r e s  of  t o b a c c o  PAL was  Induced  f o l l o w i n g  
t r a n s f e r  t o  a p h o s p h a t e  f r e e  medium (Knobloch ,  1982).  The r e g u l a t i o n  
o f  PAL by a g e n t s  w h i c h  c a u s e  w a t e r  s t r e s s ,  e g .  p o l y e t h y l e n e  g l y c o l ,  
h a s  a l s o  been r e p o r t e d  r e c e n t l y  (Da i nes  and Mlnocha ,  1983).
Mechan i sm q± RAL r e g u l a t i o n
T h e r e  a r e  t h r e e  p r i n c i p a l  ways  In which  an I n c r e a s e  in e x t r a c t -  
a b l e  PAL a c t i v i t y  o b s e r v e d  In r e s p o n s e  t o  t h e  a bove  m e n t i o n e d  s t i m u l i  
c a n  be  b r o u g h t  a b o u t ;  ( 1 ) a c t i v a t i o n  o r  c o n v e r s i o n  o f  p r e e x i s t i n g  
i n a c t i v e  enzyme p r o t e i n ,  (2 ) s t i m u l a t i o n  of  t h e  r a t e  o f  de novo enzyme 
s y n t h e s i s ,  (3)  d e c r e a s e  in  t h e  r a t e  o f  e n z y m e  d e g r a d a t i o n / I n a c t l v a -  
t i o n .  Th es e  p r o c e s s e s  a r e  n o t  m u t u a l l y  e x c l u s i v e  and,  t h e r e f o r e ,  i t  
I s  p o s s i b l e  t h a t  t h e  i n c r e a s e s  In PAL may be  d u e  t o  a c o m b i n a t i o n  o f  
any t w o  or  al I o f  t h e  above  e f f e c t s .
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S e v e r a l  a t t e m p t s  h a v e  b e e n  m a d e  t o  d e t e r m i n e  t h e  s p e c i f i c  
mechan i sm f o r  c h a n g e s  In PAL a c t i v i t y ,  e s p e c i a l l y  In r e l a t i o n  t o  t h e  
de novo enzyme s y n t h e s i s .  Many w o r k e r s  have  e mp l oyed  I n h i b i t o r s  l i k e  
a c t l n o m y c l n - D ,  3 ' - d e o x y a d e n o s i n e  ( c o r d y c e p l n ) ,  7 - m e t h y l  g ua nos  Ine  t r i ­
p h o s p h a t e  a n d  e y e  I o h e x  I m I d e ,  w h i c h  a r e  b e l i e v e d  t o  b l o c k  t r a n s c r i p ­
t i o n ,  mRNA t r a n s p o r t ,  cap  f o r m a t i o n  and r l b o s o m a l  r e l e a s e  In t r a n s l a ­
t i o n ,  r e s p e c t i v e l y  ( M l n a m l k a w a  a n d  U r l t a n l ,  1 96 5 ;  Z u c k e r ,  1 965 ;  
E n ge l  s m a ,  1 9 6 7 ;  S c h e r f  a n d  Z e n k ,  1 9 6 7 ;  W a l t o n  a n d  S o n d h e l m e r ,  1 9 68 ;  
Thorpe  e t  a l ,  1971;  H a h l b r o c k  and S c h r o d e r ,  1975;  Dixon e t  a l . ,  1980) .  
B e c a u se  o f  t h e  l a c k  o f  s p e c i f i c i t y  o f  t h e s e  t r a n s c r i p t i o n  and t r a n s l a ­
t i o n  I nh I b I t o r s ,  t h e  e v  I d e n c e  f o r  jde n o v o  s y n t h e s  I s  o f  PAL b a s e d  on 
t h e s e  s t u d i e s  I s  n o t  c o n c l u s i v e .
A t  p r e s e n t  t h e r e  a r e  o n l y  t h r e e  m e t h o d s  w h i c h  c a n  be  r e l i a b l y  
us ed  t o  d e m o n s t r a t e  t h e  .de novo s y n t h e s i s  of  an enzyme;  ( 1 ) r a d i o a c ­
t i v e  l a b e l l i n g ,  (2) d e n s i t y  l a b e l l i n g ,  and (3) Immunology.  R a d i o a c ­
t i v e  l a b e l l i n g  h a s  been used  by Z u c k e r  (1969,  1970,  1971) t o  show t h a t  
d e  n o v o  s y n t h e s i s  o f  PAL o c c u r s  b o t h  In l i g h t  a n d  d a r k  t r e a t e d  
XanthIurn l e a f  d i s c s .  H a h l b r o c k  and S c h r o d e r  (1975)  have d e m o n s t r a t e d  
l i g h t  m e d i a t e d  I n c r e a s e  In I n c o r p o r a t i o n  o f  35g m e t h i o n i n e  I n t o  PAL 
p u r i f i e d  f rom p a r s l e y  s u s p e n s l o n - c u I t u r e  c e l l s .  The d e n s i t y  l a b e l l i n g  
t e c h n i q u e  w i t h  d e u t e r i u m  o x i d e  (D2 o)  h a s  b e e n  u s e d  a s  e v i d e n c e  t o  
s u p p o r t  t h e  v i ew t h a t  d e  novo s y n t h e s i s  of  enzyme o c c u r s  in r e s p o n s e  
t o  l i g h t  in m u s t a r d  s e e d l i n g s  ( S c h o p f e r  and Hock,  1971) ,  p o t a t o  t u b e r  
( S a c h e r  e t  a l . ,  1 9 7 2 ) ,  a n d  s e v e r a l  o t h e r  t i s s u e s  ( W e l l m a n n  a n d  
S c h o p f e r ,  1 9 7 5 ;  Tong a n d  S c h o p f e r ,  1 97 6 :  H e l n z m a n n  a n d  S e i t z ,  1 9 77 ;  
Lamb e t  a l . ,  1 9 7 9 ) .  D e n s i t y  l a b e l l i n g  t e c h n i q u e  w a s  e m p l o y e d  by
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D u c h e s n e  e t  a l . ,  ( 1 9 7 7 )  t o  show t h a t  j i g  n o v o  s y n t h e s !  s  o f  PAL o c c u r s  
In r e s p o n s e  t o  i n f e c t i o n  in t o b a c c o  l e a v e s  i n f e c t e d  w i t h  t o b a c c o  
m o s a i c  v i r u s .  I mmu n o l o g i c a l  e v i d e n c e  f o r  de novo s y n t h e s i s  of  PAL in 
r e s p o n s e  t o  w o u n d i n g  h a s  b e e n  r e p o r t e d  in s w e e t  p o t a t o  ( T a n a k a  a n d  
U r l t a n l ,  1977 )  a n d  In p e a  p o d s  in  r e s p o n s e  t o  I i g h t  a n d  I n f e c t i o n  by 
F u s a r  i urn sol  an 1 (Loschke  e t  a I . ,  1981) .
T h e r e  have  been many e f f o r t s  t o  d e m o n s t r a t e  t h e  e x i s t e n c e  of  an 
I n a c t i v e  form o f  PAL whi ch  can be a c t i v a t e d  by l i g h t  o r  o t h e r  s t i m u l i .  
A t t r i d g e  a n d  S m i t h  ( 1 9 7 3 )  h a v e  s h o w n  t h a t  PAL f r o m  l i g h t - g r o w n  p e a  
s e e d l i n g s  w a s  m o r e  u n s t a b l e  a n d  m o r e  s e n s i t i v e  t o  i n h i b i t i o n  by 
f l a v o n o i d s  l i k e  q u e r c e t i n  t h a n  PAL f rom d a r k  grown s e e d l i n g s .  S i n c e  
no I s o z y m e s  f o r  PAL e x i s t  in p e a ,  t h e  a b o v e  d i f f e r e n c e s  w e r e  a t t r i ­
b u t e d  t o  a l i g h t - m e d i a t e d  m o d i f i c a t i o n  of  a p r e e x i s t i n g  l e s s  a c t i v e  
enzyme m o l e c u l e .  The c y c l o h e x i m I d e - s t l m u l a t e d  PAL i n c r e a s e  i n Cucumis  
s e e d l i n g s  ( A t t r i d g e  and S m i t h ,  1973) was  i n t e r p r e t e d  t o  a r i s e  f rom a 
pool  o f  i n a c t i v e  PAL w h i ch  was s y n t h e s i z e d  d u r i n g  o r  a f t e r  I m b i b i t i o n  
( I r e d a l e  a n d  S m i t h ,  1 9 7 3 ) .  In r a d i s h  c o t y l e d o n s ,  an  i n a c t i v e  f o r m  o f  
PAL was found t o  be s y n t h e s i z e d  In t h e  d a r k  which  c o u l d  be a c t i v l a t e d  
on  e x p o s u r e  o f  t h e  c o t y l e d o n s  t o  f a r  r e d  l i g h t  ( K l e i n - E u d e  e t  a l . ,  
1 9 7 4 ) .  An i n a c t i v e  PAL p r o t e i n  was  i s o l a t e d  f r o m  d a r k  g r o w n  r a d i s h  
s e e d l i n g s  by B l onde  I e t  a I . ,  1973.  In g h e r k i n ,  a c t i v a t i o n  o f  p r e e x i s ­
t i n g  PAL h a s  b e e n  i n f e r r e d  f r o m  t n e  i n a b i l i t y  o f  e y e  I o h e x I m  I de  t o  
i n h i b i t  an i n c r e a s e  o f  PAL a c t i v i t y  by c o l d  t r e a t m e n t  ( A t t r i d g e  a n d  
S m i t h ,  1973).
In n e a r l y  a l l  c a s e s  o f  l i g h t  a c t i v a t i o n  o f  PAL, t h e  i n i t i a l  
I n c r e a s e  In enzyme a c t i v i t y  i s  f o l l o w e d  by a s i g n i f i c a n t  d e c l i n e  even
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In  t h e  p r e s e n c e  o f  t h e  I n d u c i n g  s t i m u l u s  s u c h  a s  c o n t i n u o u s  l i g h t .  
T h i s  l o s s  of  enzyme c an  be p r e v e n t e d  by t h e  a p p l i c a t i o n  o f  c y c l o h e x i -  
m I de  a t  t h e  p o i n t  o f  ma x i mum PAL a c t i v i t y  ( E n g e l s m a ,  1 9 6 7 ;  Z u c k e r ,  
1968;  Wa l ton  and S o n d h e l m e r ,  1968;  K l e l n - E u d e  e t  a l . ,  1971).  E n g e l s m a  
( 1 9 7 0 )  s u g g e s t e d  t h a t  t h e  l o s s  o f  a c t i v i t y  may be  d u e  t o  t h e  
c o m p l e x l n g  o f  PAL w i t h  a  p r o t e l n a c e o u s  I n a c t i v a t o r .  En ge l s ma  and Van 
Bruggen (1971)  r e p o r t e d  a n o n - d l a l y z a b l e  s u b s t a n c e  whi ch  had l e a c h e d  
f rom e x c i s e d  g h e r k i n  h y p o c o t y l s  and which  p r e v e n t e d  t h e  l i g h t - m e d i a t e d  
I n c r e a s e  In PAL when r e a p p l i e d  t o  h y p o c o t y l s .  F r en ch  and S m i t h  (1975)  
have  r e p o r t e d  a s i m i l a r  n o n - d l a l y z a b l e ,  h e a t - l a b i l e  s u b s t a n c e  w h i c h  
r e v e r s l b l y  I n h i b i t s  PAL i s o l a t e d  f r o m  g h e r k i n  h y p o c o t y l s ,  w h e r e a s  
C r e a s y  ( 1 9 7 6 )  d e m o n s t r a t e d  t h e  p r e s e n c e  o f  a s i m i l a r  s u b s t a n c e  In 
s u n f l o w e r  l e a f  e x t r a c t s  which  I r r e v e r s i b l y  I n a c t i v a t e d  PAL.
An a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  d e c l i n e  in PAL a c t i v i t y  b a s e d  
on p r o t e o l y t i c  d e g r a d a t i o n  o f  PAL was g i v e n  by Z u c k e r  (1969)  who n o t e d  
t h e  l o s s  o f  r a d i o a c t i v i t y  f r o m  l a b e l l e d  PAL d u r i n g  I n a c t i v a t i o n .  
F u r t h e r  s t u d i e s  In XanthI  urn r e v e a l e d  t h a t  s y n t h e s i s  o f  t h e  PAL p r o t e i n  
m e as u r e d  by t h e  i n c o r p o r a t i o n  o f  l a b e l l e d  a mi n o  a c i d s ,  o c c u r r e d  b o t h  
In l i g h t  d u r i n g  a n e t  I n c r e a s e  In a c t i v i t y  a n d  In d a r k n e s s  when  t h e  
a m o u n t  o f  a c t i v i t y  was d e c r e a s i n g  ( Z u ck e r ,  1970,  1971).  The I n f l u e n c e  
o f  l i g h t ,  t h e r e f o r e ,  was s u g g e s t e d  t o  be on t h e  r a t e  o f  i n a c t i v a t i o n  
r a t h e r  t h a n  t h e  r a t e  o f  s y n t h e s i s .
C r e a s y  a n d  Z u c k e r  ( 1 9 7 4 )  s u g g e s t e d  t h a t  i n d u c t i o n  o f  PAL by 
v a r i o u s  s t i m u l i  may r e s u l t  In an I n c r e a s e  In t h e  r a t e  of  s y n t h e s i s  o r  
a c t i v a t i o n  o f  t h e  e n z y m e  w h i c h  I s  f o l l o w e d  by an  I n c r e a s e  In i t s  
I n a c t i v a t i o n  s y s t e m .  A p o i n t  i s  r e a c h e d  where  s y n t h e s i s  I s  b a l a n c e d
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by I n a c t i v a t i o n  and no n e t  c h a n g e  In a c t i v i t y  o c c u r s  u n t i l  s y n t h e s i s  
s t o p s  ( r emova l  o f  s t i m u l i )  and /  o r  t h e  r a t e  o f  I n a c t i v a t i o n  s u r p a s s e s  
s y n t h e s i s  and a d e c l i n e  In t o t a l  PAL a c t i v i t y  I s  s een .
Enzyme P u r i f i c a t i o n  a n d  Kf.n.e±f-C£
PAL h a s  been  p u r i f i e d  and c h a r a c t e r i z e d  f rom a number  o f  s o u r c e s  
s u c h  a s  U s t I  I a g o  h o r d e l  1 ( S u b b a  Rao e t  a l . ,  1 9 6 7 ) ,  p o t a t o  (Hav I r  a n d  
H a n s o n ,  1 9 6 8 ) ,  S t r e p t o m y c e s  v e r t l c l I l a t u s  (Ernes  a n d  V I n I n g ,  1 9 7 0 ) ,  
t o b a c c o  (O’ N e a l  a n d  K e l l e r ,  1 9 7 0 ) ,  m u s t a r d  ( S c h o p f e r ,  1 9 7 1 ) ,  
R h o d o t o r u l a  g l u t  In I s  ( H o d g l n s ,  1971) ,  S p o r o b o l o my c e s  r o s e u s  ( P a r k h u r s t  
a n d  H o d g l n s ,  1 9 7 2 ) ,  w h e a t  ( N a r l  e t  a l . ,  1 9 7 2 ) ,  m a i z e  ( H a v l r  a n d  
Hanson,  1973) ,  g h e r k i n  ( I r e d a l e  and S m i t h ,  1974) ,  p a r s l e y  (Zlmmermann 
and Hah I b r o c k ,  1975) ,  s w e e t  p o t a t o  (Tanaka and Ur I t a n  I ,  1977) ,  r a d i s h  
( B i l l e t  e t  a l . ,  1 9 7 8 ) ,  s p i n a c h  ( N I z h l z a w a  e t  a l . ,  1 9 7 9 ) ,  m u s t a r d  
( G u p t a  a n d  A c t o n ,  1 9 7 9 ) ,  b e a n  ( D u d l e y  a n d  N o r t h c o t e ,  1 9 7 9 ) ,  p e a  
( L o s c h k e  e t  a l . ,  1 9 8 1 ) ,  s o y b e a n  ( H a v l r ,  1 9 8 1 ) ,  a n d  c a r r o t  (Noe a n d  
S e i t z ,  1 9 8 2 ) .
T h e  e n z y m e  I s  u s u a l  l y  e x t r a c t e d  In a b o r a t e  o r  T r l s  b u f f e r  a t  a 
pH b e t w e e n  8 and  9. V a r i o u s  r e d u c i n g  a g e n t s  such  a s  m e r c a p t o e t h a n o l  
and I s o a s c o r b a t e  have  been used In t h e  e x t r a c t i o n  b u f f e r .  In a d d i t i o n  
e i t h e r  PVP o r  p o l y c l a r  AT I s  g e n e r a l  ly a d d e d  d u r i n g  e x t r a c t i o n  t o  
r e d u c e  p o l y p h e n o l  o x i d a s e  a c t i v i t y .  F r a c t i o n a t i o n  o f  t h e  c r u d e  e x ­
t r a c t  w i t h  e i t h e r  c o l d  a c e t o n e ,  a c e t i c  a c i d ,  h e a t  o r  p r o t a m i n e  
s u l p h a t e  h a s  b e e n  u s e d  a s  o n e  o f  t h e  p r e l  I m l n a r y  p u r i f i c a t i o n  p r o ­
c e d u r e s  in many s c h e me s .
Ammonium s u l p h a t e  p r e c i p i t a t i o n  h a s  b e e n  u s e d  a s  an  e f f e c t i v e
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p r o c e d u r e  by s e v e r a l  w o r k e r s .  I t  r e s u l t e d  In a 2 - 9  f o l d  p u r i f i c a t i o n .  
In m o s t  I n s t a n c e s ,  t h e  enzyme p r e c i p i t a t e d  b e t w e e n  3 0 - 6 0 $  s a t u r a t i o n  
o f  ammonium s u l p h a t e .  Sodium c i t r a t e  ha s  been used In some I n s t a n c e s  
( H o d g l n s ,  1 97 1 )  In p l a c e  o f  a m m o n i u m s u l p h a t e .  T h e  e n z y m e  e x t r a c t  
o b t a i n e d  f rom ammonium s u l p h a t e  p r e c i p i t a t i o n  I s  e i t h e r  d e s a l t e d  on a 
c o l umn o f  Sephadex  G-25 o r  d l a l y s e d .
F u r t h e r  s t e p s  In  PAL p u r i f i c a t i o n  h a v e  I n c l u d e d  Ion  e x c h a n g e  
c h r o m a t o g r a p h y  u s i n g  DEAE c e l l u l o s e  o r  S e p h a d e x ,  g e l  p e r m e a t i o n  on 
S e p h a d e x  G - 2 0 0 ,  a g a r o s e  A—15 o r  s e p h a r o s e  6B a n d  h y d r o x y  I a p a t I t e  
c h r o m a t o g r a p h y  ( Ha v l r  and Hanson,  1968;  Ernes and V I n I n g ,  1970;  Z l m m e r -  
mann  a n d  H a h l b r o c k ,  1 9 7 5 ;  T a n a k a  a n d  U r l t a n l ,  1 9 7 7 ;  G u p t a  a n d  A c t o n ,  
1 9 7 9 ;  L o s c h k e  e t  a l . ,  1 9 8 1 ;  H a v l r ,  1 9 8 1 ) .  A f f i n i t y  c h r o m a t o g r a p h y  
u s i n g  S e p h a r o s e  4B- L- Phe  h a s  been  p a r t i a l l y  s u c c e s s f u l  In t h e  p u r i f i ­
c a t i o n  o f  PAL, y i e l d i n g  a 3 - 7 0  f o l d  p u r i f i c a t i o n  ( B l o n d e l  e t  a l . ,  
1 9 73 ;  T a n a k a  a n d  Ur  I t a n  1, 1 9 7 7 ;  B I I I e t  e t  a I . ,  1 9 7 8 ;  G u p t a  a n d  A c t o n ,  
1979).  B i l l e t  e t  a I . ,  (1978)  p u r i f i e d  PAL f rom g h e r k i n  h y p o c o t y l s  6 0 -  
70  f o l d  u s i n g  t h e  a f f i n i t y  c h r o m a t o g r a p h y  p r o c e d u r e  o f  B l o n d e l  e t  a l . ,  
( 1 9 7 3 ) .  The  f i n a l  s t a g e  o f  p u r i f i c a t i o n  In m o s t  s c h e m e s  I n c l u d e s  
t e c h n i q u e s  l i k e  p r e p a r a t i v e  e l e c t r o p h o r e s l s .  The p u r i t y  o f  t h e  enzyme 
was c o n f i r m e d  by s u b j e c t i n g  t h e  p u r i f i e d  s a m p l e  t o  SDS gel  e l e c t r o ­
p h o r e s i s .
S t u d i e s  on Enzyme K i n e t i c s
The enzyme  h a s  an a p p r o x i m a t e  m o l e c u l a r  w e i g h t  o f  3 0 0 , 0 0 0  d a l -  
t o n s .  T h e  m o l e c u l a r  w e i g h t  r a n g e s  f r o m  2 2 6 , 0 0 0  f o r  S t r e p t o m y c e s  
v e r t I c I  I I a t u s  (Ernes  a n d  V I n I n g ,  1 970)  t o  3 3 0 , 0 0 0  a s  In p o t a t o  ( H a v l r
and Hanson,  1973) ,  p a r s l e y  (ZImmermann and H a h l b r o c k ,  1975) and s oy ­
b e a n  ( H a v l r ,  1 9 8 1 ) .  I t  h a s  f o u r  I d e n t i c a l  s u b u n i t s  e a c h  o f  8 3 , 0 0 0  
d a l t o n s  In p o t a t o  a n d  m a i z e  ( H a v l r  a n d  H a n s o n ,  1 9 6 8 ,  1973)  o r  o f  
5 5 , 0 0 0  o r  6 0 , 0 0 0  e a c h  a s  In m u s t a r d  ( G u p t a  a n d  A c t o n ,  1 9 7 9 ) .  B u t  In 
w h e a t  ( N a r l  e t  a l . ,  1972)  t h e  s u b u n i t s  a r e  f o u n d  t o  be  d i s s i m i l a r .  
T h e r e  a r e  t w o  s u b u n i t s  o f  7 5 , 0 0 0  d a l t o n s  a n d  t w o  o f  8 5 , 0 0 0  d a l t o n s  
eac h .  L a b e l l i n g  e x p e r i m e n t s  I n d i c a t e  t h a t  t h e r e  a r e  t w o  a c t i v e  s i t e s  
p e r  t e t r a m e r .
T h e  r a n g e  o f  Km v a l u e s  a t  pH 8 . 7  f o r  t h e  e n z y m e  f r o m  v a r i o u s  
s o u r c e s  I s  q u i t e  n a r r o w  (0 .16-0 . 27  mM). The enzyme  f rom m i c r o o r g a n i s m s  
a p p e a r s  t o  show s t a n d a r d  Michae l  I s  Menten k i n e t i c s  w h e r e a s  w i t h  t h e  
e n z y m e  f r o m  h i g h e r  p l a n t s ,  n e g a t i v e  c o o p e r a t l v I t y  (Conway  a n d  
K o s h l a n d ,  1968 )  h a s  b e e n  o b s e r v e d  In s e v e r a l  I n s t a n c e s .  F o r  t h e  
p o t a t o  e n z y m e  ( H a v l r  a n d  H a n s o n ,  1 9 68 )  t h e  a p p a r e n t  Km a t  pH 8 . 7  
I n c r e a s e d  f r o m  0 . 0 3 8  t o  0 . 2 6  mM a n d  t h e  a p p a r e n t  Vmax doub  I ed a s  t h e  
s u b s t r a t e  c o n c e n t r a t i o n  I n c r e a s e d .  S i m i l a r  r e s u l t s  have  been o b s e r v e d  
f o r  PAL f r o m  m a i z e  ( H a v l r  e t  a l . ,  1 97 1 ;  H a v l r  a n d  H a n s o n ,  1 9 7 3 ) ,  p e a  
s e e d l i n g s  ( A t t r l d g e  e t  a l . ,  1971)  and p a r s l e y  c e l l  s u s p e n s i o n  c u l t u r e s  
(ZImmermann and Hahl b r o c k ,  1975) .  The same e f f e c t  I s  o b s e r v e d  when L-  
t y r o s l n e  I s  a s u b s t r a t e  f o r  t h e  m a i z e  and b a r l e y  e n z y m e s  ( K f nd l ,  1970;  
H a v l r  e t  a l . ,  1 9 7 1 ) .
The enzyme f rom soybean  c e l l  s u s p e n s i o n  c u l t u r e  e x h i b i t e d  nega­
t i v e  c o o p e r a t l v l t y  b e f o r e  hydroxy  I a p a t l t e  c h r o m a t o g r a p h y  d u r i n g  p u r i ­
f i c a t i o n  and p o s i t i v e  c o o p e r a t i v I t y  f o l l o w i n g  t h i s  s t e p  ( H a v l r ,  1981) .
16
T h i s  I s  t h e  f i r s t  e x a m p l e  o f  p o s i t i v e  c o o p e r a t l v I t y  o b s e r v e d  f o r  
p h e n y l a l a n i n e  a m m o n i a - l y a s e .
The enzyme f rom S t r e p t o m y c e s  v e r t i c l I l a t u s  c o u l d  n o t  u t i l i z e  D- 
phenyI  a l a n i n e  a s  a s u b s t r a t e  (Ernes and V I n i n g ,  1970) ,  w h e r e a s  PAL f rom 
y e a s t  ( H o d g l n s ,  1971 )  w a s  c a p a b l e  o f  u s i n g  t h i s  a n a l o g u e  a s  a s u b ­
s t r a t e  when h i g h  c o n c e n t r a t i o n s  o f  t h e  enzyme  we r e  used .  The Vmax was 
much l ower  t h a n  t h a t  f o r  t h e  L - i s o m e r .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  
f o r  p o t a t o  PAL ( H a v l r  a n d  H a n s o n ,  1 9 6 8 ) .  D - p h e n y  I a I n I ne was  n o t  a 
good s u b s t r a t e  f o r  PAL f rom s w e e t  p o t a t o  (Tanaka and Ur I t a n I ,  1977) ,  
and t o b a c c o  (O'Neal and K e l l e r ,  1970) .
The  a b I  I I t y  o f  PAL t o  d e a m I n a t e  o t h e r  a r o m a t i  c  am i no  a c I d s  h a s  
b e e n  s t u d i e d .  T y r o s i n e  a m m o n l a - I y a s e  a c t i v i t y  o f  PAL f r o m  many 
s o u r c e s ,  e s p e c i a l l y  f rom g r a s s e s ,  has  been r e p o r t e d  by s e v e r a l  w o r k e r s  
( N e l s h ,  1 9 6 1 ;  Young e t  a l . ,  1 9 6 6 ;  H a v l r  e t  a l . ,  1 9 7 1 ;  P a r k h u r s t  a n d  
H o d g l n s ,  1 9 7 1 ;  R u l s  a n d  K I n d l ,  1 9 7 1 ;  J a n g a a r d  e t  a l . ,  1 9 7 4 ) .  Kouko l  
and Conn (1961)  showed t h a t  PAL f rom b a r l e y  s e e d l i n g s  c o u l d  d e a m l n a t e  
L - t y r o s I n e  and D L - m - t y r o s I n e  b e s i d e s  L - p h e n y l a l a n l n e .  But  t h e  enzyme 
showed no a c t i v i t y  t o w a r d s  L - h i s t l d i n e ,  L - a l a n l n e ,  D L - a s p a r t l c  a c i d ,  
D L - l e u c i n e ,  g l y c i n e ,  L - c y s t e l n e  and L - t r y p t o p h a n .
V a r i o u s  a n a l o g u e s  of  p h e n y l a l a n i n e  b e s i d e s  D - p h e n y  I a I an  I ne  h a v e  
b e e n  t e s t e d  a s  s u b s t r a t e s  f o r  PAL. In Avena  DL-m,  DL-o  and  D L- p -  
f  I uo r opheny  I al  a n l  ne s e r v e d  a s  s u b s t r a t e s  f o r  t h e  e n z y m e .  B u t  t h e r e  
was  a marked d i f f e r e n c e  In t h e  b e h a v i o u r  of  t h e  m e t a  f rom t h a t  o f  t h e  
p a r a  and o r t h o  s p e c i e s .  The m e t a  form was  a b e t t e r  s u b s t r a t e  (Hopkins  
a n d  Orkw I s z e w s k  i , 1 9 7 1 ;  O r k w t s z e w s k i  e t  a l . ,  1 9 7 6 ) .  W a l t o n  ( 1 9 68 )
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r e p o r t e d  t h a t  in e x c i s e d  b e a n  a x e s ,  p - f I u o r o p h e n y l a  I an  I n e  w a s  
d e a m i n a t e d  a t  a b o u t  o n e  h a l f  t h e  r a t e  o f  L-phenyI  a l a n i n e .
PAL f rom w h e a t  (Young and N e l s h ,  1966) showed a c t i v i t y  t o w a r d s  3 -  
h y d r o x y p h e n y l a l a n l n e  and 3 , 4 - d I h y d r o x y p h e n y I  a l a n i n e .  I t  was r e p o r t e d  
t h a t  s u b s t i t u t i o n  a t  t h e  o r t h o - p o s i t i o n  on t h e  b e n z e n e  r i n g  p r oduc e d  
i n a c t i v e  s u b s t r a t e s  w h e r e a s  t h e  me t a  s u b s t i t u t e d  compounds  we r e  q u i t e  
a c t i v e .  T h us  2 - h y d r o x y p h e n y I  a I an  I n e  w a s  n o t  d e a m i n a t e d  w h e r e a s  3 -  
hydroxyphenyI  a l a n i n e  was more  r e a d i l y  d e a m i n a t e d  t h a n  t y r o s i n e .
V a r i o u s  s u b s t r a t e  a n a l o g u e s  have  been used  In l a  v i t r o  s t u d i e s  
t o  s e e  t h e  n a t u r e  o f  I n h i b i t i o n  o f  PAL I f  any by t h e s e  compounds.  Of 
t h e s e  a n a l o g u e s ,  D-phenyI  a l a n i n e  ha s  been  found  t o  I n h i b i t  t h e  enzyme 
f r o m  p o t a t o  ( H a v l r  a n d  H a n s o n ,  1 9 6 8 ) ,  b e a n  ( W a l t o n ,  1 9 6 8 ) ,  y e a s t  
(Hodg lns ,  1971) ,  g h e r k i n  ( I r e d a l e  and S m i t h ,  1974) and  t o b a c c o  (O’Neal 
and K e l l e r ,  1970).  No s uch  I n h i b i t i o n  was o b s e r v e d  In t h e  enzyme f rom 
S t r e p t o m y c e s  (Ernes  a n d  V I n i n g ,  1 970)  a n d  s w e e t  p o t a t o  ( T a n a k a  a n d  
U r l t a n i ,  1 9 7 7 ) .  T h e  i n h i b i t i o n  was  c o m p e t i t i v e  a t  l e a s t  in p o t a t o  
( Ha v i r  and Hanson,  1968) and y e a s t  ( Hodg l ns ,  1971) .
The  e n z y m e  f r o m  b e a n  ( W a l t o n ,  1 9 6 8 ) ,  b a r l e y  ( H o p k i n s  a n d  
O r k w i s z e w s k i , 1971) ,  S t r e p t o m y c e s  (Ernes and V I n i n g ,  1970) and w h e a t  
(Young a n d  N e l s h ,  1 9 6 6 )  I s  I n h i b i t e d  by p - f I u o r o p h e n y I  a I an I n e .  The  
I n h i b i t i o n  h a s  b e e n  s h o w n  t o  be  c o m p e t i t i v e  In b a r l e y  ( H o p k i n s  a n d  
O r k w i s z e w s k i ,  1971) and s w e e t  p o t a t o  ( M l n a m i k a w a  a n d  T a n a k a ,  1 9 6 5 ) .  
O t h e r  s u b s t r a t e  a n a l o g u e s  l i k e  ^ - p h e n y I  I a c t i c  a c i d  i n h i b i t  t h e  enzyme 
f r o m  R h o d o t o r u I  a a n d  S p o r o b o l  o m y c e s  ( P a r k h u r s t  and  H o d g i n s ,  1 9 7 2 ) .  
The  e n z y m e  f r o m  t o b a c c o  w a s  i n h i b i t e d  by p h e n y I b u t y r I c  a c i d  (O’Nea l
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a n d  K e l l e r ,  197 0 )  a n d  t h a t  f r o m  y e a s t  by p h e n y I  p r o p ! o i l I c  a c i d  
( H o d g l n s ,  1 9 7 1 ) .
Much m o r e  s i g n i f i c a n t  I n h i b i t i o n  w a s  o b s e r v e d  w i t h  t w o  o t h e r  
s u b s t r a t e  a n a l o g u e s ,  v i z .  2 - a m  i n o x y a c e t  I c  a c i d  (AOA) a n d  D a n d  L - 2 -  
a m I n o x y - 3 - p h e n y I p r o p i o n i c  a c i d  (D-and L-AOPP) (Amrhein e t  a I . ,  1976) .  
Both  compounds  a c t  a s  p o t e n t  c o m p e t e t l v e  i n h i b i t o r s  of  t h e  enzyme  I n  
v I t r o  In t h e  m i c r o m o l a r  and n a n om o l a r  r a n g e  r e s p e c t i v e l y .  I n h i b i t i o n  
was  u s u a l l y  r e v e r s i b l e  b u t  L-AOPP was found t o  i r r e v e r s i b l y  I n a c t i v a t e  
PAL f r o m  s o y b e a n  ( H a v i r ,  1 9 8 1 ) .  T h e s e  c o m p o u n d s  h a v e  p r o v e d  t o  be 
i m p o r t a n t  t o o l s  in s t u d y i n g  t h e  p h e n y I p r o p a n o i d  m e t a b o ! I s m  a n d  t h e  
r o l e  o f  PAL in t h i s  m e t a b o l i s m  (Amrhe in  and Godeke,  1977;  Amrhe in  and 
H o l l a n d e r ,  1979;  T u t s c h e k ,  1982;  Lamb,  1982) .
O t h e r  a r o m a t i c  a mi no  a c i d s  b e s i d e s  p h e n y l a l a n i n e  have  a l s o  been  
u s e d  I n I n  v I t r o  s t u d  I e s  on e n z y m e  k i n e t  I c  s .  T y r o s  i ne  wa s  f o u n d  t o  
I n h i b i t  t h e  e n z y m e  a c t i v i t y  f r o m  S p o r o b o I o m v c e s  ( P a r k h u r s t  a n d  
H o d g i n s ,  1 9 7 2 ) ,  g h e r k i n  ( I r e d a l e  a n d  S m i t h ,  1 9 7 4 ) ,  w h e a t  (Young a n d  
N e l s h ,  1966) ,  t o b a c c o  (O’Neal and K e l l e r ,  1970) and b a r l e y  (Koukol and 
Conn ,  1 9 6 1 ) .  T r y p t o p h a n  I n h f b i t e d  t h e  e n z y m e  a c t i v I t y  f r o m  t o b a c c o  
( I n n e r a r i t y  e t  a l . ,  1 9 7 2 ) ,  w h e r e a s ,  h i s t i d i n e  i n h i b i t e d  t h e  e n z y m e  
f r o m S t r e p t o m y c e s  (Ernes and V I n i n g ,  1970) .
The e f f e c t  of  v a r i o u s  m e t a b o l i t e s  of  t h e  s h i k i m i c  a c i d  pa t hwa y  
and t h e  p h e n y I p r o p a n o i d  pa t hway  have  a l s o  been t e s t e d  f o r  t h e i r  e f f e c t  
on  i n  v i t r o  d e a m i n a t i o n  o f  L - p h e n y I  a I a n i n e .  Of t h e s e  c o m p o u n d s ,  
c i n n a m i c  a c i d  w a s  f o u n d  t o  be  a com p e t  i t i  v e  I nh I b I t o r  o f  t h e  e n z y m e  
f r o m  p o t a t o  ( H a v l r  a n d  H a n s o n ,  1 9 6 8 ) ,  b a r l e y  ( Kouko l  a n d  Co n n ,  1961)  
s w e e t  p o t a t o  ( M i n a m i k a w a  a n d  T a n a k a ,  1 9 6 5 ) ,  b e a n  ( W a l t o n ,  1 9 6 8 ) ,
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t o b a c c o  (O’Nea l  a n d  K e l l e r ,  1 9 7 0 ) ,  o a k  ( B o u d e t  e t  a l . ,  1 9 7 1 ) ,  y e a s t  
( P a r k h u r s t  a n d  H o d g l n s ,  1 9 7 2 ) ,  S t r e p t o m y c e s  (Ernes a n d  V I n i n g ,  1 9 7 0 )  
and g h e r k i n  ( I r e d a l e  and S m i t h ,  1974) .  P - c o u m a r l c  a c i d  was  an I n h i b i ­
t o r  o f  t h e  enzyme s ho wi ng  t y r o s i n e  a m m o n l a - l y a s e  a c t i v i t y .  0 - c o u m a r l c  
a c i d  c o m p e t i t i v e l y  I n h i b i t s  t h e  e n z y m e  f r o m  g h e r k i n  ( I r e d a l e  a n d  
S m i t h ,  1974) .  P h e n o l i c  a c i d s  such  as  c a f f e i c  a c i d ,  f e r u l I c  a c i d  e t c .  
a r e  i n h i b i t o r s  o f  t h e  enzyme  f rom t o b a c c o  and g h e r k i n .  O t h e r  p h e n o l i c  
I n h i b i t o r s  o f  PAL f rom v a r i o u s  s o u r c e s  I n c l u d e  c o u m a r l n ,  q u e r c e t l n ,  
k a e m p f e r o l ,  c a t e c h o l ,  b e n z o i c  a c i d  and g a l l i c  a c i d  ( I r e d a l e  and S m i t h ,  
1 9 7 4 ;  W a l t o n ,  1 9 6 8 ;  P a r k h u r s t  a n d  H o d g i n s ,  1 9 7 2 ) .  M o s t  o f  t h e s e  
compounds  showed mi xed  I n h i b i t i o n ,  s u g g e s t i n g  t h a t  t h e y  may be a c t i n g  
a s  al  l o s t e r l c  m o d u l a t o r s  ( I r e d a l e  and S m i t h ,  1974) .  No I n h i b i t i o n  was 
o b s e r v e d  w i t h  s h i k i m l c  a c i d ,  s a l i c y l i c  a c i d ,  c h l o r o g e n l c  a c i d ,  q u i n l c  
a c i d  and v a n i l l i c  a c i d  f o r  enzyme  f rom g h e r k i n  s e e d l i n g s  ( I r e d a l e  and 
S m i t h ,  1974) .
The p r e s e n t  s t u d i e s  w e r e  u n d e r t a k e n  a s  a c o n t i n u a t i o n  o f  t h e  work 
done on p h e n y l a l a n i n e  a m m o n l a - l y a s e  In g e r m i n a t i n g  l e t t u c e  s e e d s  in 
t h i s  l a b o r a t o r y  ( D a l n e s ,  1981 ,  D a l n e s  a n d  M l n o c h a ,  1 9 8 3 ,  D a i n e s  e t  
a l . ,  1983) .  I t  h a s  b e e n  r e p o r t e d  t h a t  PAL In l e t t u c e  s e e d s  w a s  i n ­
duced  o n l y  when g e r m i n a t i o n  I s  o c c u r  Ing.  The enzyme c o u l d  be d e t e c t e d  
In t h e s e  s e e d s  w i t h i n  4 h o f  I n h i b i t i o n  u n d e r  w h i t e  l i g h t .  T h e  
s p e c i f i c  a c t i v i t y  of  PAL i n c r e a s e d  r a p i d l y  d u r i n g  t h e  n e x t  12-16 h of  
I n h i b i t i o n .  F a r - r e d  l i g h t  c o m p l e t e l y  s u p p r e s s e d  g e r m i n a t i o n  as  w e l l  
a s  t h e  d e v e l o p m e n t  o f  PAL. G l b b e r e l I I c  a c i d  (GA3 ) and b e n z y l a d e n i n e  
(0.1 mM) r e t a r d e d  r a d i c l e  e l o n g a t i o n  a n d  p r o d u c e d  a c o n c o m i t t a n t  
d e c r e a s e  In PAL a c t i v i t y .  A b s c l s i c  a c i d  (ABA) and p o l y e t h y l e n e  g l y c o l
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( P E G - 3 5 ? )  c o m p l e t e l y  I n h i b i t e d  g e r m i n a t i o n  o f  t h e  s e e d  u n d e r  w h i t e  
I I g h t  a n d  c a u s e d  a  p a r a  I I e l  I nh i b 111 on o f  PAL a c t  I v I t y .  Ef f  e c t s  o f  
ABA w e r e  n o t  r e v e r s e d  by GA^ a n d  o n l y  p a r t i a l  l y  r e v e r s e d  by BA b o t h  
f o r  g e r m l n a t l n  a s  w e l l  a s  f o r  PAL. T r a n s f e r  o f  g e r m i n a t e d  s e e d s  f rom 
w h i t e  l i g h t  t o  f a r - r e d ,  o r  t o  ABA o r  t o  PEG r e s u l t e d  In t h e  l o s s  o f  
enzyme  a c t i v i t y .  The l o s s  o f  PAL c a u s e d  by PEG was  r e a d i l y  r e v e r s i b l e  
on  r e m o v a l  o f  t h e  o s m o t l  cum.  T h e  f o  I I ow I ng c o n e  I u s  I o n s  w e r e  d r a w  n 
f r om t h e s e  s t u d i e s :  (1) PAL a c t i v i t y  In l e t t u c e  s e e d s  I s  Induced  o n l y
when g e r m i n a t i o n  I s  o c c u r  I ng.  (2) PAL a c t i v i t y  p e r  s eed  I s  s t r o n g l y  
r e l a t e d  t o  t h e  e x t e n t  o f  g r o w t h  o f  t h e  r a d i c l e  and (3) PAL a c t i v i t y  I s  
I n h i b i t e d  by any p h y s i c a l  o r  c h e m i c a l  t r e a t m e n t  t h a t  I n h i b i t s  r a d i c l e  
g r o w t h .
The ma in  o b j e c t i v e s  o f  t h e  p r e s e n t  r e s e a r c h  w e r e  ( I )  t o  s t u d y  t h e  
k i n e t i c  p r o p e r t i e s  o f  t h e  L- pheny  I a l a n i n e  ammonl  a - l y a s e  f r o m  g e r m i ­
n a t e d  l e t t u c e  s e e d s ,  ( I I )  t o  s t u d y  t h e  r e g u l a t i o n  o f  t h e  enzyme a c t i ­
v i t y  by v a r i o u s  s u b s t r a t e  a n a l o g u e s ,  I n t e r m e d i a t e s  and e n d p r o d u c t s  o f  
t h e  p h e n y I  p r o p a n o l d  p a t h w a y  a n d  ( I I I )  t o  p u r i f y  t h e  e n z y m e  u s i n g  
v a r i o u s  t e c h n i q u e s  of  p r o t e i n  p u r i f i c a t i o n .
MATERIALS AND METHODS
Sour.c.e o±  C h em i c a l s  
^ C ( U ) - P h e n y  I a I a n  I ne  w a s  o b t a i n e d  f r o m  New E n g l a n d  N u c l e a r ,  
B o s t o n ,  M a s s .  U.S.A. C h e m i c a l s  u s e d  f o r  I n h i b i t i o n  s t u d i e s  l i k e  L-  
p h e n y l a l a n l n e ,  D - p h e n y l a l a n l n e ,  D L - ^ - p h e n y I I a c t I c  a c i d ,  p - f I u o r o p h e n -  
y l a l a n l n e ,  t r y p t o p h a n ,  t y r o s i n e ,  t r a n s - c l n n a m I c  a c i d ,  p - c o u m a r l c  a c i d ,  
c a f f e l c  a c i d ,  f e r u l l c  a c i d ,  c h l o r o g e n l c  a c i d ,  c o u m a r i n ,  q u e r c e t i n  
e t c . ,  and o t h e r  c h e m i c a l s  s uc h  a s  p o l y v i n y l  p o l y p y r r o l  I done and a s c o r ­
b i c  a c i d ,  w e r e  o b t a i n e d  f r o m  S i g m a  C h e m i c a l s  Co. ,  S t .  L o u i s ,  Mo.,  
U.S.A. 2 - a m I n o x y - 3 - p h e n y I p r o p i o n i c  a c i d  (L-AOPP) was  a g i f t  f rom Dr. 
N. Amr he i n ,  Bochum U n i v e r s i t y ,  W. Germany.  The p r o t e i n  a s s a y  dye ,  was 
o b t a i n e d  f rom Bi o  Rad L a b o r a t o r i e s ,  Richmond,  CA.
ill .ant  Material
L e t t u c e  s e e d s  ( a c h e n e s  o f  L a c t u c a  s a t  I v a  L. c v  G r a n d  R a p i d s )  
s u p p l i e d  by t h e  F e r r y  M o r s e  S e e d  Compa ny  (Mt .  V i e w ,  CA) w e r e  u s e d  
t h r o u g h o u t  t h i s  I n v e s t i g a t i o n .  The  d r y  s e e d s  w e r e  s t o r e d  in a 
r e f r i g e r a t o r  a t  4 s C.
Growth C o n d i t i o n s  
B a t c h e s  o f  a p p r o x i m a t e l y  2 0 0  s e e d s  ( m e a s u r e d  by v o l u m e )  w e r e  
I n c u b a t e d  In 125  ml E r l e n m e y e r  f l a s k s  w i t h  50 ml o f  d i s t i l l e d  
d e - t o n l s e d  w a t e r  o r  an  a p p r o p r i a t e  t r e a t m e n t  s o l u t i o n .  T h e  f l a s k s  
w e r e  p l a c e d  on a g y r a t o r y  s h a k e r  ( 12 5  rpm)  u n d e r  f l u o r e s c e n t  l i g h t  
(120 jj E s “ ^m“ ^) and m a i n t a i n e d  a t  25+ 2°C d u r i n g  I n c u b a t i o n .
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£ n z m s  E x t r a c t i o n
A f t e r  a p p r o p r i a t e  p e r i o d s  o f  I n c u b a t i o n ,  t h e  s e e d s  w e r e  c o l l e c t e d  
on f i l t e r  p a p e r s ,  b l o t t e d  d r y  and homoge n i zed  in a m o r t a r  and p e s t l e
w i t h  5 ml o f  c o l d  e x t r a c t i o n  b u f f e r  (0.1 M b o r a t e  + 0.5$ a s c o r b a t e ,  pH 
8 . 8 ) .  T h e  g r  I nd I ng m I x t u r e  a  I s o  c o n t a  I n e d  1 00 mg o f  g I a s s  b e a d s  a n d  
100 mg of  I n s o l u b l e  PVP ( p o l y v I  ny I po l  y p y r r o l  I d o n e ) .  T h e  h o m o g e n a t e  
was  c e n t r i f u g e d  a t  2 0 , 0 00  g a t  4°C f o r  20 m i n u t e s .  In m o s t  c a s e s  t h e  
r e s u l t i n g  s u p e r n a t a n t  was d i r e c t l y  used  f o r  enzyme a s s a y .
P h e n y l a l a n i n e  ammonI  a - I y a s e  (PAL) a c t i v i t y  was  a s s a y e d  by t h e  
m e t h o d  d e s c r i b e d  by M l n o c h a  a n d  H a l p e r l n  (1 976)  ( F i g .  1) . E n z y m e  
a c t i v i t y  w a s  d e t e r m i n e d  by m e a s u r i n g  t h e  r a t e  o f  f o r m a t i o n  o f  • 
c i n n a m i c  a c i d  f r o m  L -  (U) p h e n y l a l a n i n e  . T h e  r e a c t i o n  m i x t u r e  
c o n t a i n e d  In a t o t a l  v o l u m e  o f  2 m l ,  0 .3  ml b o r a t e  b u f f e r  (0.1M 
b o r a t e , p H  8 . 8 ) ,  0 . 2  ml o f  6 0 0  jjM L - P h e ,  0 . 0 6  JUCI ^ c - P h e  ( 0 . 5  ml )  
( s p . a c t .  450  mCI /mM) a n d  1 ml o f  t h e  e n z y m e  e x t r a c t .  T h e  r e a c t i o n  
m i x t u r e  was  I n c u b a t e d  a t  38 C f o r  one  hour .  The r e a c t i o n  was s t o p p e d  
by a d d i n g  0 . 2  ml o f  8N HCI.  The  r e a c t i o n  p r o d u c t  I 4 q c i n n a m i c  a c i d  
was s e p a r a t e d  f rom t h e  r e m a i n i n g  r a d i o a c t i v e  Phe by p a r t i t i o n i n g  w i t h  
5 ml t o l u e n e .  Two ml o f  t h e  t o l u e n e  l a y e r  was r emoved  and mi xed  w i t h  
8 ml o f  a t o l u e n e  b a s e d  s c i n t i l l a t i o n  f l u i d  (OCS-Amersham).  R a d i o ­
a c t i v i t y  was c o u n t e d  on a Beckman LS 7000  l i q u i d  s c i n t i l l a t i o n  c o u n t e r  
a t  9 8 $  e f  f  I c  I e n c y .  One u n i t  o f  PAL a c t  i v I t y  i s  d e f i n e d  a s  1 nmol  o f  
c i n n a m i c  a c i d  f o r me d  p e r  hour .
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l ^ C - Ph e  -  0 . 0 6  jjCi -  0 . 5  ml 
Phe -  60 jiM -  0 . 2  ml 
BORATE BUFFER -  0 . 1  M -  0 . 3  ml 
ENZYME EXTRACT -  1 ml 
(TOTAL VOLUME -  2 m l )
INCUBATE 60 min -  38°C
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ADD 0 . 2  ml , 8 N HC1









P r o t e I n  Assay
The c o n c e n t r a t i o n  o f  p r o t e i n  In t h e  e x t r a c t  was  d e t e r m i n e d  by t h e  
B r a d f o r d  a s s a y  u s i n g  B i o  Rad dye  r e a g e n t  ( B r a d f o r d  1976) .  A s t a n d a r d  
c u r v e  f o r  t h e  p r o t e i n  a s s a y  was p r e p a r e d  u s i n g  d i l u t i o n s  o f  a p r o t e i n  
s t a n d a r d  ( b o v i n e  s e r u m  a l b u m i n )  c o n t a i n i n g  f r o m  0 . 2  t o  a b o u t  1 .4  
mg/m I. The unknowns  w e r e  r e a d  f rom t h i s  s t a n d a r d  c u r v e .  The a s s a y  was 
p e r f o r m e d  a s  f o l l o w s .
1 ml o f  t h e  a p p r o p r l a t e l y  d i l u t e d  ( x 1 0 o r x 1 0 0 )  e n z y m e  e x t r a c t  
w a s  p l a c e d  In d r y  t e s t  t u b e s  (2  r e p l i c a t e s ) .  O n l y  s a m p l e  b u f f e r  
was  used In b l a n k  t e s t  t u b e .  To e ac h  t u b e  3 ml o f  t h e  d i l u t e d  p r o t e i n  
a s s a y  d y e  (1 p a r t  o f  d y e  In  4 p a r t s  o f  w a t e r )  w a s  a d d e d .  The  t u b e s  
w e r e  v o r t e x e d  g e n t l y .  A f t e r  a p e r i o d  o f  10 m i n u t e s  a b s o r b a n c e  wa s  
m e a s u r e d  a t  595 nm u s i n g  a Bausch  and Lomb S p e c t r o n l c  21 s p e c t r o p h o t o ­
m e t e r .
Kinetics q± Enzyme Ac t f yJly
1. D e t e r m i n a t i o n  q±  Kffi.
Ammonium s u l f a t e  p r e c i p i t a t e d  ( s e e  d e t a i l s  be l ow)  and d e s a l t e d  o r  
d f a l y s e d  e n z y m e  e x t r a c t  w a s  u s e d  t o  d e t e r m i n e  t h e  Km. T h e  e n z y m e  
a c t i v i t y  was d e t e r m i n e d  o v e r  a w i d e  r a n g e  of  s u b s t r a t e  c o n c e n t r a t i o n s  
( 1 5 - 6 0 0  juM P he )  a n d  a s a t u r a t i o n  c u r v e  wa s  p r e p a r e d .  The  Km was  
d e t e r m i n e d  f rom t h e  d o u b l e  r e c i p r o c a l  p l o t  a c c o r d i n g  t o  L I n e w e a v e r  and 
B u r k  ( I 9 3 4 ) .
2 .  I n h i b i t i o n  S t ud  1e s
T h e  e f f e c t s  o f  v a r i o u s  s u b s t r a t e  a n a l o g u e s ,  I n t e r m e d i a t e s  a n d  
e n d p r o d u c t s  o f  t h e  p h e n y I p r o p a n o i d  p a t h w a y  on PAL a c t i v i t y  I n 
v i t r o  w e r e  d e t e r m i n e d  u s i n g  p a r t l a l  l y  p u r i f i e d  e n z y m e  o b t a i n e d  by
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a m m o n i u m  s u l f a t e  p r e c i p i t a t i o n  ( 6 0$  s a t u r a t i o n )  o f  t h e  c r u d e  
e x t r a c t .  Two d i f f e r e n t  c o n c e n t r a t i o n s  o f  e a c h  c o m p o u n d  ( v i z  100 
a n d  5 0 0 j u M)  w e r e  u s e d  w i t h  f i v e  d i f f e r e n t  s u b s t r a t e  c o n c e n t r a ­
t i o n s . ( 6 0 . 6 ,  9 0 . 9 ,  1 2 1 . 2 ,  151 . 5  a n d  181 . 8  juM).
T h e  s u b s t r a t e  a n a l o g u e s  u s e d  I n c l u d e d  D - p h e n y I  a I an  I n e ,  D L - p -  
f  I u o r o p h e n y  I a l  an  f n e ,  / 3 - p h e n y l  l a c t i c  a c i d ,  t y r o s i n e  a n d  t r y p t o p h a n .  
P h e n y I  p r o p a n o l d  c o m p o u n d s  s u c h  a s  t r a n s - c I n n a m I c  a c i d ,  p - c o u m a r l c  
a c i d ,  c a f f e l c  a c i d ,  f e r u l I c  a c i d ,  c h l o r o g e n l c  a c i d ,  c o u m a r l n ,  
q u e r c e t l n ,  e t c . ,  w e r e  a l s o  us ed .  The n a t u r e  o f  P A L I n h I b i t l o n ,  I f  any 
by t h e s e  compounds  was d e t e r m i n e d  by d o u b l e  r e c i p r o c a l  p l o t s  a c c o r d i n g  
t o  L i n e w e a v e r  and Burk (1934) .  The p l o t t i n g  was done  u s i n g  a c o m b i n a ­
t i o n  of  t w o  c o m p u t e r  p r o g r a m s  ( M i n i t a b  and U - P l o t ) .
Regu l a t J o n  o±  EAL Act-iy_Lty
B a t c h e s  o f  a p p r o x i m a t e l y  200  s e e d s  (2 r e p l i c a t e s )  were  i n c u b a t e d  
i n  125 ml E r l e n m e y e r  f l a s k s  c o n t a i n i n g  50  ml o f  e i t h e r  w a t e r  o r  
t h e  t r e a t m e n t  s o l u t i o n .  T h r e e  d i f f e r e n t  c o n c e n t r a t i o n s  o f  e ac h  com­
p o u n d  ( v i z  5 0 ,  100,  and  5 0 0  juM) w e r e  u s e d .  T h e  c o n d i t i o n s  o f  I n c u b a ­
t i o n  were  a s  d e s c r i b e d  e a r l i e r .  The s u p e r n a t a n t  f rom 2 0 , 0 0 0  g c e n t r i ­
f u g a t i o n  o f  t h e  c r u d e  e x t r a c t  w a s  d i a l y z e d  a g a i n s t  t h e  e x t r a c t i o n  
b u f f e r  f o r  24 h o u r s  b e f o r e  p e r f o r m i n g  t h e  enzyme a s s a y .  For  m e a s u r e ­
m e n t  of  r a d i c l e  l e n g t h  10 g e r m i n a t e d  s e e d s  w e r e  r a n do ml y  s e l e c t e d  f rom 
e a c h  f l a s k  and t h e  l e n g t h s  o f  t h e  r a d i c l e s  m e a s u r e d  u n d e r  a d i s s e c t i n g  
m i c r o s c o p e  t o  t h e  n e a r e s t  mm. Each e x p e r i m e n t  was r e p e a t e d  a t  l e a s t  
t w o  t i m e s .
In s o m e  e x p e r i m e n t s  ( s e e  d e t a i l s  l a t e r )  t h e  c r u d e  e x t r a c t  w a s
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p r e c i p i t a t e d  w i t h  ammonium s u l p h a t e  and t h e  p r e c i p i t a t e  r e s u s p e n d e d  In 
t h e  e x t r a c t i o n  b u f f e r  a n d  d l a l y s e d  a g a i n s t  t h e  s a m e  b u f f e r  f o r  24  
h o u r s  b e f o r e  u s e  f o r  t h e  enzyme a s s a y .
T r a n s f e r  Expe r 1menl s  
One h und r e d  s e e d s  e a c h  w e r e  I n c u b a t e d  In w a t e r  f o r  12 h o u r s  and 
t h e n  t r a n s f e r r e d  t o  e i t h e r  w a t e r  ( c o n t r o l )  o r  t h e  a p p r o p r i a t e  t r e a t ­
m e n t  s o l u t i o n s .  The  e n z y m e  w a s  e x t r a c t e d  a t  v a r i o u s  t i m e s  a f t e r  
t r a n s f e r  a s  d e s c r i b e d  l a t e r .  Enzyme a c t i v i t y  was  a s s a y e d  a f t e r  d i a l y ­
s i s  of  t h e  c r u d e  e x t r a c t  o v e r n i g h t .  The l e n g t h s  o f  t h e  r a d i c l e s  w e r e  
a l s o  m e a s u r e d  a t  e ac h  of  t h e s e  t i m e s .
E t h y l e n e  P r o d u c t i o n  
B a t c h e s  o f  100 s e e d s  e a c h  w e r e  I n c u b a t e d  In w a t e r  o r  a p p r o p r i a t e  
t r e a t m e n t  s o l u t i o n  In 1 2 5  ml f l a s k s  s e a l e d  w i t h  o n e - h o l e d  r u b b e r  
s t o p p e r s  t h r o u g h  w h i c h  t h r e e  I n c h  l o n g  g l a s s  t u b e s  w e r e  I n s e r t e d .  
T h e s e  t u b e s  w e r e  c l o s e d  t i g h t l y  by r u b b e r  c a p s .  At a p p r o p r i a t e  t i m e s ,  
2 ml g a s  s a m p l e s  w e r e  w i t h d r a w n  f rom e a c h  f l a s k  u s i n g  a 5 ml h y p o d e r ­
m i c  s y r I n g e  a n d  I n j e c t e d  I n t o  t h e  g a s  c h r o m a t o g r a p h .  Q u a n t i t i e s  o f  
e t h y l e n e  w e r e  m e a s u r e d  In t h e s e  g a s  s a m p l e s  u s i n g  a P e r k i n  E l m e r  
( m o de l  990 )  g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  1.22m x 3.2mm s t a i n l e s s  
s t e e l  c o l u m n s  o f  8 0 / 1 0 0  me sh  P o r o p a k  N ( S u p e l c o  I n c . ,  B e l l e f o n t e ,  
P e n n s y l v a n i a )  a n d  f l a m e  I o n i z a t i o n  d e t e c t o r s .  The c a r r i e r  was p r e ­
p u r  I f l e d  n i t r o g e n  a t  a f l o w  r a t e  o f  40 m l / m l n .  D e t e c t i o n  g a s e s  w e r e  
h y d r o c a r b o n  f r e e  a i r  a n d  u l t r a  h i g h  p u r i t y  h y d r o g e n .  ( A l r c o  I n c . ) .  
O p e r a t i n g  t e m p e r a t u r e s  f o r  t h e  I n j e c t i o n  b l o c k  and m a n i f o l d  w e r e  5Cf 
an d  1 20°C,  r e s p e c t i v e l y .  T h e  c o l u m n  o v e n  w a s  p r o g r a m m e d  f o r  o n e
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m f n u t e  a t  50° C I n c r e a s i n g  t o  120°C a t  24*C/ ml n  and  r e m a i n i n g  a t  120°C 
f o r  4 m i n u t e s .  S i g n a l s  w e r e  p r o c e s s e d  by a  CR1-B C h r o m a t o p a c  
( S h l m a d z u  I n c . ,  C o l u m b i a ,  MD). Maximum s e n s i t i v i t y  wa s  t o  5 pi  o f  
e t h y l e n e .  R e t e n t i o n  t i m e  f o r  e t h y l e n e  In t h i s  s y s t e m  was  49 i  6 s e c .  
An e x t e r n a l  s t a n d a r d  o f  1 m l / I  e t h y l e n e  In n i t r o g e n  was o b t a i n e d  f rom 
Matheson  Gas P r o d u c t s  Inc . ,  E a s t  R u t h e r f o r d ,  NJ.
Loca l  i z a t i o n  a±  EAL l a  I s s d  P a r i s  
One h u nd r e d  s e e d s  I n c u b a t e d  In w a t e r  f o r  24 h o u r s  w e r e  d i s s e c t e d  
I n t o  4 p a r t s  e a c h .  (1)  s e e d  c o a t ,  (2)  e n d o s p e r m ,  (3)  c o t y l e d o n s  a n d  
p l u m u l e  a n d  ( 4 )  r a d i c l e .  The  s e e d  p a r t s  w e r e  g r o u n d  s e p a r a t e l y  a n d  
t h e  enzyme a c t i v i t y  was a s s a y e d  In e a c h  c a s e .  The p r o t e i n  c o n c e n t r a ­
t i o n  was a l s o  d e t e r m i n e d  In eac h  p a r t .
P u r i f i c a t i o n  q±  EAL 
a .  E x t r a c t i o n  a t  tim  e nzyme
R a d i c l e s  o f  40 h ol  d g e r m i n a t e d  l e t t u c e  s e e d s  w e r e  u s e d  a s  t h e  
s o u r c e  o f  t h e  e n z y m e .  A b o u t  1 5 , 0 0 0  s e e d s  o f  l e t t u c e  (15  g ms )  w e r e  
g e r m i n a t e d  on a p l a s t i c  s c r e e n  p l a c e d  on a p l a s t i c  t r a y  u n d e r  l i g h t  s o  
t h a t  a l l  t h e  r a d i c l e s  w o u l d  g r ow  t h r o u g h  t h e  s c r e e n .  A f t e r  g e r m  I n a ­
t i o n ,  t h e  r a d i c l e s  w e r e  e x c i s e d  w i t h  a r a z o r  b l a d e .  A p p r o x i m a t e l y  25 
gms of  r a d i c l e  o b t a i n e d  t h i s  way we r e  g r ound  w i t h  a m o r t a r  and p e s t l e  
w i t h  6 0  ml b o r a t e  a s c o r b a t e  b u f f e r  (pH 8 . 8 )  c o n t a i n i n g  2 mM d l t h i o -  
t h r e i t o l  (DTT) a l o n g  w i t h  8 gms  o f  g l a s s  b e a d s  a n d  8 gms  o f  PVP. The  
e n z y m e  e x t r a c t  w a s  c e n t r i f u g e d  a t  2 0 , 0 0 0  g f o r  2 0  m l n s .  The  
s u p e r n a t a n t  was s aved  and t h e  p e l l e t  was r e - e x t r a c t e d  w i t h  t h e  same 
b u f f e r  (30 mi s )  and c e n t r i f u g e d  a g a i n .  The s u p e r n a t a n t s  f rom t h e  t w o
29
e x t r a c t i o n s  w e r e  p o o le d  and f i l t e r e d  t h r o u g h  c h e e s e c l o t h .  The c o n c e n ­
t r a t i o n  o f  t h e  p r o t e i n  and  t h e  enzyme a c t i v i t y  we re  d e t e r m i n e d  In t h e  
e x t r a c t  which  was used  f o r  f u r t h e r  p u r i f i c a t i o n .
Ammon I urn S u l f a t e  P r e c i p i t a t i o n
The c r u d e  e x t r a c t  was  s u b j e c t e d  t o  ammonium s u l f a t e  p r e c i p i t a ­
t i o n .  S u f f i c i e n t  q u a n t i t i e s  o f  ammonium s u l f a t e  w e r e  added  s l o w l y  t o  
t h e  e x t r a c t  t o  o b t a i n  30$ s a t u r a t i o n .  The s o l u t i o n  was  s t i r r e d  a t  low 
s p e e d  d u r i n g  t h e  a d d i t i o n  o f  ammonium s u l f a t e .  The e x t r a c t  was k e p t  
u n d i s t u r b e d  f o r  an hour  a t  4°C and t h e n  I t  was c e n t r i f u g e d  a t  2 5 , 0 0 0  g 
f o r  30 mln.  The p r e c i p i t a t e  was d i s c a r d e d .  To t h e  s u p e r n a t a n t  more  
a m mo n i u m s u l f a t e  w a s  a d d e d  w i t h  c o n s t a n t  s t i r r i n g  t o  a c h i e v e  5 5$  
s a t u r a t i o n .  The p r e c i p i t a t i o n  was a l l o w e d  t o  c o n t i n u e  f o r  an hour  a t  
4°C,  a f t e r  w h i c h  t h e  e x t r a c t  w a s  c e n t r i f u g e d  a t  2 0 , 0 0 0  g f o r  3 0  m l n .  
T h i s  t i m e  t h e  p r e c i p i t a t e  was  s a v e d  a n d  d i s s o l v e d  I n  2 . 5  ml o f  0.1 M 
b o r a t e  b u f f e r ,  pH 8 . 8 .
Desa l  t l  n.g
T h e  e n z y m e  e x t r a c t  w a s  d e s a l t e d  on a c o l u m n  o f  S e p h a d e x  G - 5 0 .  
For  t h e  p r e p a r a t i o n  o f  t h e  co l umn ,  a b o u t  20 g of  Sephadex  G-50 (Sigma 
C h e m i c a l  Co. ,  S t .  L o u i s .  Mo. U.S.A.) w e r e  a d d e d  t o  5 0 0  ml o f  0.1 M 
b o r a t e  b u f f e r ,  pH 8.8,  w h i l e  g e n t l y  s t i r r i n g  t h e  b u f f e r .  The s u s p e n ­
s i o n  was a l l o w e d  t o  s t a n d  o v e r n i g h t .  About  400 ml o f  t h e  s u p e r n a t a n t  
b u f f e r  was d e c a n t e d  and t h e  r e m a i n i n g  s l u r r y  was pou r ed  g e n t l y  I n t o  a 
c o l u m n  o f  52 cm x 3 cm.  The  c o l u m n  w a s  a l  l o w e d  t o  p a c k  t o  a bed  
h e i g h t  o f  36 cm. About  100-150  ml o f  t h e  b o r a t e  b u f f e r  c o n a l n i n g  2 mM 
DTT was  a l l o w e d  t o  f l o w  t h r o u g h  t h e  co l umn t o  s t a b i l i z e  t h e  a b s o r b a n c e
30
o f  t h e  e l u e n t .  When t h e  c o l u m n  h a d  d r a i n e d  a n d  t h e  b u f f e r  j u s t  
r e a c h e d  t h e  b e d  s u r f a c e ,  t h e  e n z y m e  s o l u t i o n  ( 2 . 5  m l )  w a s  s l o w l y  
l a y e r e d  on t h e  c o l u m n  a n d  a l  l o w e d  t o  move  I n t o  t h e  S e p h a d e x .  T h e  
c o l umn was e l u t e d  w i t h  t h e  same b u f f e r  a t  a f l o w  r a t e  o f  3 m l / m l n  and 
t h e  e l u t e n t  m o n i t o r e d  c o n s t a n t l y  f o r  a b s o r b a n c e  a t  2 8 0  nm u s i n g  an  
ISCO ( L i n c o l n ,  N e b r a s k a )  UA5 a b s o r b a n c e  m o n i t o r .  F r a c t i o n s  o f  8 m I 
e a c h  w e r e  c o l l e c t e d  u s i n g  a  G i l s o n  M i c r o  F r a c t i o n  C o l l e c t o r .  T h e  
f r a c t i o n s  w e r e  a n a l y s e d  f o r  t o t a l  p r o t e i n  a n d  f o r  e n z y m e  a c t i v i t y .  
F r a c t i o n s  s h o wi ng  h i g h  enzyme a c t i v i t y  we re  p o o l e d  t o g e t h e r  and used  
f o r  f u r t h e r  p u r i f i c a t i o n .
C o n c e n t r a t i o n
The d e s a l t e d  enzyme  s a m p l e  was t r a n s f e r r e d  t o  a d i a l y s i s  t u b i n g  
(I x 2 0  cm)  a n d  c o v e r e d  w i t h  c r y s t a l  I I ne  s u c r o s e  f o r  4 h. When t h e  
s u c r o s e  b e c a m e  w e t ,  I t  w a s  r e p l a c e d  by f r e s h  s a m p l e .  A l t e r n a t e l y ,  
p o l y e t h y l e n e  g l y c o l  o r  S e p h a d e x  G - 20 0  w e r e  a l s o  u s e d ,  b u t  s u c r o s e  
p r o ve d  t o  be t h e  mos t  e f f e c t i v e  m a t e r i a l .  The c o n c e n t r a t e d  enzyme was  
d i a l  y s e d  a g a  I n s t  0.1 M b o r a t e  c o n t a  I n I ng 2 m M DTT o v e r n i g h t  a n d  t h e n  
u s ed  f o r  f u r t h e r  p u r i f i c a t i o n .
Gel FI I t r a t l o n  ( Se p h a d e x  G-200)
The d l a l y s e d  s a m p l e  was s u b j e c t e d  t o  gel  f i l t r a t i o n  on a Sephadex  
G - 2 0 0  c o l u m n .  ( S i g m a  C h e m i c a l  Co . ,  S t .  L o u i s ,  Mo. U.S.A. ) .  A b o u t  10 
gms of  Sephadex G-200 w e r e  added t o  500 ml o f  0.1 M b o r a t e  b u f f e r ,  pH 
8 .8,  w h i l e  g e n t l y  s t i r r i n g  t h e  b u f f e r .  The s u s p e n s i o n  was a l l o w e d  t o  
s t a n d  o v e r n i g h t .  About  300  ml o f  t h e  s u p e r n a t a n t  b u f f e r  was  d e c a n t e d  
and t h e  r e m a i n i n g  s l u r r y  was pou r ed  g e n t l y  I n t o  a co l umn o f  55  x 3 cm.
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The c o l umn was a I lowed t o  pack t o  a bed h e i g h t  o f  42 cm. About  150 ml 
o f  t h e  b o r a t e  b u f f e r  (0 .1  M) c o n t a  I n I ng 2mM DTT w a s  a l l o w e d  t o  f l o w  
t h r o u g h  t h e  co l umn t o  s t a b i l i z e  I t s  a b s o r b a n c e .  The enzyme s o l u t i o n  
(4.5 ml )  was s l o w l y  l a y e r e d  on t h e  co l umn bed and  a l l o w e d  t o  move I n t o  
t h e  s e p h a d e x .  The  c o l  umn w a s  t h e n  e l  u t e d  w I t h  t h e  s a m e  b u f f e r  a t  a 
f l o w  r a t e  o f  0 . 5  m l / m l n .  T h e  a b s o r b a n c e  a t  2 8 0  nm w a s  m o n i t o r e d  a s  
b e f o r e .  F r a c t i o n s  o f  8 ml eac h  w e r e  c o l l e c t e d  and a n a l y s e d  f o r  p r o ­
t e i n .  T h o s e  w i t h  p r o t e i n  w e r e  a s s a y e d  f u r t h e r  f o r  PAL a c t i v i t y .  
F r a c t i o n s  s h o wi ng  h i g h  enzyme a c t i v i t y  w e r e  p oo l e d  t o g e t h e r ,  c o n c e n ­
t r a t e d  w i t h  s u c r o s e  and us ed  f o r  f u r t h e r  p u r i f i c a t i o n .
I o n - E x c h a n g e  C h r o ma t o g r ap h y
The c o n c e n t r a t e d  s a m p l e  f rom Sephadex  G-200 was d l a l y s e d  a g a i n s t
0.01 M b o r a t e  b u f f e r  and was s u b j e c t e d  t o  I on - e x c h a n g e  c h r o m a t o g r a p h y  
on a  DEAE c e l l u l o s e  co l umn .  Twenty  gms o f  p r e s w o l l e n  DEAE c e l l u l o s e  
(DE.52,  Wh a t ma n  I n c . ,  Cl I f t o n ,  NJ) w a s  s t i r r e d  w i t h  0.2M b o r a t e  b u f ­
f e r ,  pH 8 . 8 ,  f o r  5 m l n .  T h e  s l u r r y  was  a l l o w e d  t o  s t a n d  a n d  t h e  
s u p e r n a t a n t  was d e c a n t e d .  The Ion e x c h a n g e r  was  r e d i s p e r s e d  in more  
b u f f e r  a n d  d e c a n t a t i o n  r e p e a t e d .  T h e  r e m a i n i n g  s l u r r y  was  u s e d  t o  
pack a co lumn o f  1 0 x 3 cm.'  The co l umn was  e q u i l i b r a t e d  w i t h  a p p r o x i ­
m a t e l y  6 0 0  ml o f  0 .01 M b o r a t e  b u f f e r  (pH 8 . 8 )  c o n t a i n i n g  2mM DTT. 
The enzyme s a m p l e  (17ml)  was s l o w l y  l a y e r e d  on t h e  co l umn.  The co l umn 
was  washed w i t h  a b o u t  100 ml o f  0.01 M b o r a t e  b u f f e r  a t  a f l o w  r a t e  of  
2 m l / m i n .  The  c o l u m n  w a s  t h e n  e l u t e d  w i t h  a s t e p  w i s e  g r a d i e n t  o f  
s o d  I urn c h l o r i d e  In 0.2M b o r a t e  b u f f e r  c o n t a i n i n g  2mM DTT a n d  t h e  
e l u e n t  m o n i t o r e d  c o n s t a n t l y  a t  280 nm. Sodium c h l o r i d e  c o n c e n t r a t i o n s  
u s e d  w e r e  0 . 0 5 ,  0 .3  a n d  0 . 5  M. F r a c t i o n s  o f  8ml  e a c h  w e r e  c o l  l e c t e d .
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T h e  f r a c t i o n s  w e r e  a n a l y s e d  f o r  p r o t e i n  a n d  t h o s e  w h i c h  c o n t a i n e d  
p r o t e i n  w e r e  a n a l y s e d  f o r  PAL a c t i v i t y .  The f r a c t i o n s  s h o wi n g  enzyme  
a c t i v i t y  we re  p o o l e d  and c o n c e n t r a t e d  on s u c r o s e  and used  f o r  f u r t h e r  
p u r i f i c a t i o n .
H y d r o x y J a p a t i t e  .c h rgm t-figr.apiijy
T h e  c o n c e n t r a t e d  e n z y m e  f r o m  DEAE c e l l u l o s e  c h r o m a t o g r a p h y  was 
d l a l y s e d  a g a i n s t  0 . 01  p o t a s s i u m  p h o s p h a t e  ( m o n o b a s i c )  b u f f e r  pH 8 . 8  
c o n t a i n i n g  2mM DTT a n d  t h e n  s u b j e c t e d  t o  h y d r o x y I  a p a t i t e  
c h r o m a t o g r a p h y  on a B i o  Gel HTP co l umn .  F i v e  gms of  B i o  Gel HTP (Bio  
Rad L a b o r a t o r i e s ,  R i c h m o n d ,  CA) w e r e  s t i r r e d  w i t h  0.01M p o t a s s i u m  
p h o s p h a t e  ( m o n o b a s i c ) ,  pH 8 . 8  f o r  5 m l n  a n d  t h e n  a l  l o w e d  t o  s e t t l e .  
T h e  s u p e r n a t a n t  c o n t a i n i n g  t h e  f i n e  p a r t i c l e s  was  d e c a n t e d .  T h e  
h y d r o x y  I a p a t I t e  w a s  r e d i s p e r s e d  In  m o r e  o f  t h e  b u f f e r  a n d  d e c a n t e d  
a g a i n .  The  r e m a i n i n g  s l u r r y  w a s  u s e d  t o  p a c k  a c o l u m n  o f  4 x 3 cm.  
The co l umn was washed  w i t h  200 ml o f  0.01M p o t a s s i u m  p h o s p h a t e  b u f f e r  
a t  a f l o w  r a t e  o f  1.5 m l / m l n .  T h e  e n z y m e  s a m p l e  (15  ml )  w a s  l a y e r e d  
on t h e  co l umn and more  o f  t h e  s t a r t i n g  b u f f e r  was  p a s s e d  t h r o u g h  t h e  
c o l u m n .  T h e n  t h e  c o l u m n  w a s  e l u t e d  w i t h  a s t e p  w i s e  g r a d i e n t  o f  
p o t a s s t u m  p h o s p h a t e  ( 0 . 0 3 ,  0 . 0 5 ,  0.1 , 0 . 2  M) a n d  e l u e n t  m o n i t o r e d  
c o n s t a n t l y  a t  2 8 0  nm.  F r a c t i o n s  o f  8 ml e a c h  w e r e  c o l  l e c t e d .  T h ey  
w e r e  a n a l y z e d  f o r  p r o t e i n  and PAL a c t i v i t y .  Those  w i t h  PAL a c t i v i t y  
w e r e  p o o l e d  a n d  c o n c e n t r a t e d  o n  s u c r o s e .
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F i g .  2. S a t u r a t i o n  c u r v e  (A) and L I n e w e a v e r  Burk p l o t  (B)
f o r  PAL f rom g e r m i n a t i n g  l e t t l c e  s e e d s  a t  v a r i o u s  concen^ 
t r a t l o n s  o f  p h e n y l a l a n i n e .  An ammonium s u l f a t e  p r e c i p i ­
t a t e d  s a m p l e  of  PAL was  used  In t h i s  e x p e r i m e n t .  Each 
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1. E.f.J_e.c.t q± su bstra te  ana I Qg.u.es
The e f f e c t  of  v a r i o u s  a n a l o g u e s  o f  p h e n y l a l a n i n e  such  a s  D - p h e n y l -  
a l a n i n e ,  p - f I u o r o p h e n y I  a I an  I n e ,  p - p h e n y I  I a c t i c  a c i d ,  t y r o s i n e  a n d  
t r y p t o p h a n  on PAL a c t  I v I t y  In v I t r o  wa s  d e t e r m i n e d .  The  c o m b i n e d  
r e s u l t s  a r e  s h o w n  In T a b l e  1 a n d  f i g s .  3 - 5 .  A l l o f  t h e s e  c o m p o u n d s ,  
e x c e p t  t y r o s i n e ,  w e r e  f o u n d  t o  I n h i b i t  PAL a c t i v i t y .  The  s t r o n g e s t  
I n h i b i t i o n  was  o b s e r v e d  in t h e  p r e s e n c e  of  p - f I u o r o p h e n y l a l  a n l  n e  (92$ 
a t  5 00  pM) a n d  t h e  I o w e s t  w i t h  p —p h e n y  I I a c t  I c  a c i d  (27$  a t  5 0 0  M). 
L l n e w e a v e r -  Burk p l o t s  (Double  r e c i p r o c a l  p l o t s )  of  s u b s t r a t e  c o n c e n ­
t r a t i o n  v s  r e a c t i o n  v e l o c i t y  In t h e  p r e s e n c e  o f  t h e  I n h i b i t o r  w e r e  
ma d e  u s i n g  t h e  c o m p u t e r  p r o g r a m s  m e n t i o n e d  e a r l  I e r .  The  n a t u r e  o f  
I n h i b i t i o n  o f  PAL by t h e s e  s u b s t r a t e  a n a l o g u e s  w a s  d e t e r m i n e d  by 
s e e i n g  t h e i r  e f f e c t s  on Km and Vmax of  t h i s  enzyme.  D-PhenyI  a I an Ine ,  
p - f I u o r o p h e n y I  a I a n l n e ,  ^ - p h e n y 1 1 a c t i c  a c i d  and t r y p t o p h a n  w e r e  found 
t o  be c o m p e t e t l v e  I n h i b i t o r s  o f  PAL a s  j u d g e d  f rom t h e  s t r a i g h t  l i n e s  
In r e c i p r o c a l  p l o t s  I n t e r s e c t i n g  a t  a p o i n t  on t h e  Y a x i s  ( F i g s .  3 ,  4,  
a n d  5 ) .
2.  E f f e c t  o f  p h e n y l p r o p a n o i d  compounds
The  e f f e c t  o f  v a r i o u s  I n t e r m e d i a t e s  and  e n d p r o d u c t s  o f  t h e  
p h e n y I p r o p a n o i d  pa t hwa y  on t h e  d e a m i n a t i o n  of  p h e n y l a l a n i n e  in v i t r o  
by PAL was d e t e r m i n e d .  Once a g a i n  t wo  c o n c e n t r a t i o n s  of  each  compound 
w e r e  used in t h e  p r e s e n c e  of  v a r i o u s  c o n c e n t r a t i o n s  of  p h e n y l a l a n i n e .  
The  r e s u l t s  s ho wn  In T a b l e 2  a n d  F i g .  6 show t h a t  t h e  p r o d u c t  o f  t h e  
e n z y m e  r e a c t i o n ,  t r a n s - c I n n a m I c  a c i d  w a s  a s t r o n g  c o m p e t e t i v e  
I nh i b i t o r  o f  t h  i s  e n z y m e  (74$  i n h i b i t i o n  a t  5 0 0  juM). T h e  i n h i b i t i o n  




.] Table 1. Nature and percentage of inhib it ion  of  PAL in germinating
I le t tu ce  seeds in v itro  by various substrate analogues,
j Each compound was used at  500 jjM concentration.
j
j
Substrate Analogues Nature of  
Inhibition
Percentage of  Inhibition  
(at 500 pM Cone.)
D-phenylalanine Competitive 66
P-fluorophenylalanine Competitive 92




F ig .  3. L i n e w e a v e r  Burk p l o t s  of  t h e  d a t a  on t h e  I n h i b i t i o n  of  PAL 
by D - p h e n y I  a I an  I n e  ( A)  I OOfiM a n d  ( ■ )  500/jM. ( • )  d e n o t e s  
a c t i v i t y  In t h e  c o n t r o l  a t  v a r i o u s  s u b s t r a t e  c o n c e n t r a ­
t i o n s .  An ammonium s u l f a t e  p r e c i p i t a t e d  sa m p le  of  PAL was 
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F ig .  4. L I n e w e a v e r  Burk p l o t s  of  t h e  d a t a  on t h e  I n h i b i t i o n  o f  PAL 
by p - f  I u o ro p h e n y  la  I an!  ne,  ( A )  lOOjuM and ( ■ )  500juM. ( • )
d e n o t e s  a c t i v i t y  In t h e  c o n t r o l  a t  v a r i o u s  s u b s t r a t e  con ­
c e n t r a t i o n s .  An ammonium s u l f a t e  p r e c i p i t a t e d  s a m p l e  of  
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F ig .  5. L I n e w e a v e r  Burk p l o t s  of  t h e  d a t a  on t h e  I n h i b i t i o n  o f  PAL 
by L - t r y p t o p h a n  (▲ )  lOOpM a n d  ( ■ )  500jnM. ( • )  d e n o t e s
a c t i v i t y  In t h e  c o n t r o l  a t  v a r i o u s  s u b s t r a t e  c o n c e n t r a ­
t i o n s .  An ammonium s u l f a t e  p r e c i p i t a t e d  s a m p l e  o f  PAL was 
u sed  In t h i s  e x p e r i m e n t .
T0 .0 6 h
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T a b l e  2 .  N a t u r e  and p e r c e n t a g e  o f  i n h i b i t i o n  o f  PAL i n  g e r m i ­
n a t i n g  l e t t u c e  s e e d s  i n  v i t r o  by v a r i o u s  p h e n y l p r o -  
p a n o i d  compounds.  Each compound was u s e d  a t  500 jjM 
c o n c e n t r a t i o n .
P h e n y l p r o p a n o i d  N a t u r e  o f  P e r c e n t a g e  o f  I n h i b i t i o n
Compounds I n h i b i t i o n  ( a t  500 jjM C one . )
T r a n s - c i n n a m i c  Acid  C o m p e t i t i v e  7 4 .2
P -c o u m a r i c  Acid  —  0
C a f f e i c  Acid  —  0
F e r u l i c  Acid  —  0
Coumarin —  0
Q u e r c e t i n  —  0
C h l o r o g e n i c  Acid  Mixed 6 1 . 7
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F fg .  6. L I n e w e a v e r  Burk p l o t s  of  t h e  d a t a  on t h e  I n h i b i t i o n  o f  PAL 
by  t r a n s - c  I nnam I c  a c i d  ( A)  100/iM a n d  ( ■ )  500juM. ( • )
d e n o t e s  a c t i v i t y  In t h e  c o n t r o l  of  v a r i o u s  s u b s t r a t e  c o n ­
c e n t r a t i o n s .  An ammonium s u l f a t e  p r e c i p i t a t e d  s a m p l e  of  
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F ig .  7. L I n e w e a v e r  Burk p l o t s  of  t h e  d a t a  on t h e  I n h i b i t i o n  o f  PAL 
by c h l o r o g e n l c  a c i d  ( A)  100/uM a n d  ( ■ )  5 0 0 /aM. ( • )
d e n o t e s  a c t i v i t y  In t h e  c o n t r o l  a t  v a r i o u s  s u b s t r a t e  c o n ­
c e n t r a t i o n s .  An ammonium s u l f a t e  p r e c i p i t a t e d  s a m p l e  of  
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f n + e r m e d  I a t e s  o f  t h e  p h e n y  I p r o p a n o l  d p a t h w a y  l i k e  p - c o u m a r l c  a c i d ,  
c a f f e l c  a c i d  and f e r u l I c  d i d  n o t  show any  I n h i b i t i o n  o f  PAL a c t i v i t y  
In v i t r o  ( T a b l e  2 ) .  Of t h e  e n d p r o d u c t s  o f  t h e  phenyI p r o p a n o l d  p a th w ay  
u sed  In t h e s e  s t u d i e s ,  o n l y  c h l o r o g e n l c  a c i d  showed s t r o n g  I n h i b i t i o n  
o f  t h e  enzyme a c t i v i t y  (61$ I n h i b i t i o n  a t  500 juM). The I n h i b i t i o n  was 
f o u n d  t o  b e  m i x e d  a s  I s  e v i d e n t  f r o m  t h e  L I n e w e a v e r  B u r k  p l o t s  ( F i g .  
7 ) .  B o th  t h e  Km and  t h e  Vmax w e r e  c h a n g e d  in  t h e  p r e s e n c e  o f  t h i s  
I n h i b i t o r .  Two o t h e r  e n d p r o d u c t s  o f  t h e  p a t h w a y , '  c o u m a r t n  a n d  
q u e r c e t l n ,  d i d  n o t  show any e f f e c t  on PAL a c t i v i t y .
R e g u l a t i o n  q±  EAL i n  R e l .9.ti Q .P ± o  Qr oW-th 
The r e g u l a t i o n  o f  t h e  l e v e l s  of  PAL in g e r m i n a t i n g  l e t t u c e  s e e d s  
w a s  s t u d i e d  In t h e  p r e s e n c e  o f  v a r i o u s  s u b s t r a t e  a n a l o g u e s  a n d  s o m e  
I n t e r m e d i a t e s  a n d  e n d p r o d u c t s  o f  t h e  p h e n y I  p r o p a n o l d  p a t h w a y  . 
L e t t u c e  s e e d s  w e r e  i n c u b a t e d  f o r  24  h in  t h r e e  d i f f e r e n t  c o n c e n t r a ­
t i o n s  o f  e a c h  c o m p o u n d  ( v i z .  5 0 ,  100 a n d  5 0 0  fjM) u n d e r  l i g h t .  The  
s u p e r n a t a n t  o b t a i n e d  a f t e r  c e n t r I f u g a t I  on o f  t h e  c r u d e  e x t r a c t  w as  
d f a l y s e d  and used  f o r  enzym e a s s a y .  For  g r o w t h  a n a l y s i s  r a d i c l e s  f rom 
t e n  r a n d o m l y  s e l e c t e d  g e r m i n a t e d  s e e d s  f r o m  e a c h  t r e a t m e n t  w e r e  
m e a s u r e d .
1. E f f e c t  o f  S u b s t r a t e  A na logues
R e s u l t s  on t h e  e f f e c t  of D and L - p h e n y l a l a n ! n e ,  p - f I u o r o p h e n y I -  
a l a n l n e ,  -pheny11 a c t I c  a c i d ,  L - t y r o s I n e  and L - t r y p t o p h a n  on PAL a c t i ­
v i t y  and t h e  g ro w th  of  e m b ry o n i c  a x e s  In 24 h o l d  g e r m i n a t e d  l e t t u c e  
s e e d s  a r e  shown In t a b l e  3. The s u b s t r a t e  L - p h e n y l a l a n  Ine and I t s  D- 
i s o m e r  d id  n o t  have a  s i g n i f i c a n t  e f f e c t  on PAL a c t i v i t y  no r  d id  t h e y
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T a b l e  3 .  E f f e c t  o f  s u b s t r a t e  and v a r i o u s  s u b s t r a t e  a n a l o g u e s  on 
r a d i c l e  e l o n g a t i o n  and  PAL a c t i v i t y  i n  g e r m i n a t i n g  
l e t t u c e  s e e d s .  O b s e r v a t i o n s  w ere  t a k e n  a f t e r  24 h o f  
i n c u b a t i o n  in  t h e  p r e s e n c e  o f  v a r i o u s  compounds.  The 
r a d i c l e  l e n g t h  i n  c o n t r o l  s e e d s  was 5 . 2  ± 0 . 2 7  mm and 
PAL a c t i v i t y  p e r  s e e d  was 1 . 3 5  ± 0 . 0 9  u n i t s
Compound Cone.  (yiM) % Germ. R a d i c l e  I g t h  
{% c o n t r o l )
PAL a c t i v i t y  
(% c o n t r o l )
L - p h e n y l a l a n i n e 50 100 88 99
100 100 81 *** 98
500 100 77*** 8 7 ***
D - p h e n y l a l a n i n e 50 100 120*** 108
100 100 125*** 109
500 100 131*** 113*
DL-p f l u o r o p h e n y l -  50 100 91 99
a i au i ne
100 100 66*** 60***
500 0 0 2***
^ - p h e n y l ! a c t i c  
a c i d
50 100 109 105
100 100 111* 106
500 100 H 6*** 103
T y r o s i n e 50 100 1 i 7*** 105
100 100 137*** n o * *
500 100 158*** 1 i 8***
T r y p to p h a n 50 100 43*** 71 ***
100 50 18*** 28***
500 0 0 0 . 6***
^ u n i t  o f  enzyme a c t i v i t y  = nmol 
* s i g n i f i c a n t  a t  0 . 0 5  l e v e l .  
** s i g n i f i c a n t  a t  0 . 0 2 5  l e v e l .  
*** s i g n i f i c a n t  a t  0.01  l e v e l
c i n n a m ic a c i d  fo rmed p e r  h o u r .
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a f f e c t  t h e  e l o n g a t i o n  o f  r a d i c l e  a t  low c o n c e n t r a t i o n s  (50 and  100 
pM), b u t  a t  h I g h e r  c o n c e n t r a t  Ion (50 0 pM), a s i  I g h t  I nh I b I t l  on o f  PAL 
a c t i v i t y  was o b s e rv e d .  A c o r r e s p o n d i n g  d e c r e a s e  In r a d i c l e  g row th  was 
a l s o  seen  In t h e  p r e s e n c e  of  L-phenyI a I an Ine.  D-phenyI a l a n i n e ,  on t h e  
o t h e r  hand, c a u s e d  a s l i g h t  s t i m u l a t i o n  of  both  PAL a c t i v i t y  as  well  
a s  r a d i c l e  g row th  a t  500 pM c o n c e n t r a t i o n .  Another  s u b s t r a t e  a n a l o g u e ,  
p - f I u o r o p h e n y I  a I an  I n e  w a s  f o u n d  t o  be  a s t r o n g  I n h i b i t o r  o f  
e x t r a c t a b l e  PAL a c t i v i t y  In l e t t u c e  s e e d s  (98$ I n h i b i t i o n  a t  500 pM). 
G e rm in a t io n  was a l s o  I n h i b i t e d  a t  t h a t  c o n c e n t r a t i o n .  At lower con­
c e n t r a t i o n s ,  where g e r m i n a t i o n  was n o t  I n h i b i t e d ,  t h e  e l o n g a t i o n  of  
t h e  r a d i c l e  was I n h i b i t e d ,  I n h i b i t i o n  b e ing  c o n c e n t r a t i o n  dependen t .  
P h e n y l a l a n i n e  a m m o n la - l y a s e  a c t i v i t y  p e r  s eed  was s i g n i f i c a n t l y  low er  
in t h e  p r e s e n c e  of  50 and 100 pM p - f l o u o r o p h e n y l a l a n l n e .  T y r o s i n e ,  
a n o t h e r  s u b s t r a t e  a n a l o g u e ,  and a s u b s t r a t e  f o r  PAL from some s o u r c e s ,  
and t r y p t o p h a n ,  a r e l a t e d  a r o m a t i c  amino a c i d ,  showed d i f f e r e n t  e f ­
f e c t s .  The fo r m e r  d id  n o t  a f f e c t  t h e  deve lopm en t  of  PAL a c t i v i t y  In 
l e t t u c e  s e e d s  when used a t  lower  c o n c e n t r a t i o n s .  At h igh  c o n c e n t r a -  
(500 pM) t h e r e  was a s i g n i f i c a n t  p rom ot ion  of  r a d i c l e  e l o n g a t i o n  and 
a l s o  t h a t  o f  PAL a c t i v i t y .  On t h e  o t h e r  h a n d ,  t r y p t o p h a n ,  s t r o n g l y  
I n h i b i t e d  PAL a c t i v i t y  a s  w e l l  a s  r a d i c l e  e l o n g a t i o n  In g e r m i n a t e d  
s eeds .  T he re  was a c o m p l e t e  s u p p r e s s i o n  of  g e r m i n a t i o n  a s  well  as  PAL 
a c t i v i t y  a t  500 pM t r y p t o p h a n .  Lower c o n c e n t r a t i o n s  of  t r y p t o p h a n  
o n ly  p a r t i a l l y  I n h i b i t e d  PAL a c t i v i t y .
2. E f f e c t  o f  I n t e r m e d  i a t e s  of  t h e  Pheny  I p ropano . i  d P a t h w a y.
T a b l e  4 shows t h e  combined  d a t a  on t h e  e f f e c t  of  v a r i o u s  I n t e r m e ­
d i a t e s  of  t h e  phenyI p ro p an o ld  pa thway ,  l i k e  t r a n s - c l n n a m  Ic a c i d ,  p-
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T ab le  4.  E f f e c t  o f  v a r i o u s  i n t e r m e d i a t e s  o f  t h e  p h e n y l p ro p a n o id  
pa thway on r a d i c l e  e l o n g a t i o n  and PAL a c t i v i t y  in  
g e r m i n a t i n g  l e t t u c e  s e e d s .  O b s e r v a t i o n s  were t a k e n  a f t e r  
24 h o f  i n c u b a t i o n  in  t h e  p r e s e n c e  o f  v a r i o u s  compounds.  
The r a d i c l e  l e n g t h  in  c o n t r o l  s e e d s  was 5 . 8  ± 0 . 2 5  mm 
and PAL a c t i v i t y  p e r  s eed  was 1 .4 3  + 0 . 0 2  u n i t s 1 .
Compound Cone. ( jjM) % Germ. R a d i c l e  I g t h .  
{% c o n t r o l )
PAL a c t i v i t y  
{% c o n t r o l )
T r a n s - c i n n a m i c
a c i d
50 100 79*** 64***
100 100 45*** 44***
500 0 0 7***
P-coum ar ic  a c i d 50 100 59*** 95
100 100 20*** 77**
500 0 0 30***
C a f f e i c  a c i d 50 100 82** 100
100 100 60*** 84***
500 50 20*** 20***
F e r u l i c  a c i d 50 100 05*** 87***
100 100 6 i*** 84***
500 40 33*** 2o***
i u n i t  o f  enzyme a c t i v i t y  = nmol c in n am ic  a c i d  formed p e r  hou r .  
* s i g n i f i c a n t  a t  0 . 0 5  l e v e l .
** s i g n i f i c a n t  a t  0 .0 2 5  l e v e l .
*** s i g n i f i c a n t  a t  0.01  l e v e l .
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c o u m a r f c  a c i d ,  c a f f e l c  a c i d ,  and  f e r u l l c  a c i d  on PAL a c t i v i t y  and 
r a d i c l e  g ro w th  In le t tuce  s eed s  g e r m i n a t e d  f o r  24 h. Seeds  f a i l e d  t o  
g e r m i n a t e  In t h e  p r e s e n c e  of c i n n a m i c  a c i d  a t  a c o n c e n t r a t i o n  of  500 
uM. But a t  low er  c o n c e n t r a t i o n s  (50 and 100 juM), where g e r m i n a t i o n  
was n o t  a f f e c t e d ,  t h e r e  was a c o n c e n t r a t i o n  d e p e n d e n t  i n h i b i t i o n  of  
e x t r a c t a b l e  PAL a c t i v i t y  p e r  s e e d .  R a d i c l e  e l o n g a t i o n  was  a l s o  
s i g n i f i c a n t l y  I n h i b i t e d  a t  low c o n c e n t r a t i o n s  of  c i n n a m ic  a c i d .  On 
t h e  o t h e r  hand,  t h e  o t h e r  I n t e r m e d i a t e s  of t h e  p h e n y lp ro p a n o id  pa thway  
d i d  n o t  I n h i b i t  PAL a c t i v i t y  t o  t h e  sam e  e x t e n t  a s  c i n n a m i c  a c i d  a t  
c o m p a ra b le  c o n c e n t r a t i o n s .  N e v e r t h e l e s s ,  a l l  t h e s e  co m p o u n d s  w e r e  
s t r o n g  I n h i b i t o r s  of  PAL a c t i v i t y  as well  a s  r a d i c l e  e l o n g a t i o n .  At a 
c o n c e n t r a t i o n  o f  100 juM t h e  o r d e r  of  po tency  of  I n h i b i t i o n  o f  PAL was 
c i n n a m i c  a c i d  > p - c o u m a r l c  a c i d  > f e r u l l c  a c i d  > c a f f e l c  a c i d .
C innamic  a c i d  caused  an I n h i b i t i o n  of  PAL/seed even If s u p p l i e d  a f t e r
t h e  s e e d s  had a l r e a d y  g e r m i n a t e d .  When s e e d s  i n c u b a te d  In w a t e r  f o r  
12 h were  t r a n s f e r r e d  t o  a s o l u t i o n  o f  10 o r  100 /jM c i n n a m ic  a c i d  and 
PAL a c t i v i t y  m e a s u r e d  f o r  t h e  n e x t  24  h ,  a r a p i d  d e c l  Ine  in PAL p e r  
s e e d  was  o b s e r v e d .  The g r o w t h  o f  t h e  r a d i c l e  was  a l s o  r e t a r d e d  by 
c i n n a m i c  a c i d  ( f i g .  8 ) .
3 .  E f f e c t  o f  t h e  E n d p r o d u c t s  M  -the P h en y  I p r o p a n o l  d £a±h.w.ay
The e n d p r o d u c t s  o f  t h e  p h e n y l p r o p a n o i d  p a t h w a y  u s e d  in t h i s  
s t u d y ,  such  as co u m a r in ,  q u e r c e t i n  and c h l o r o g e n l c  a c i d ,  were  found t o  
be s t r o n g  I n h i b i t o r s  o f  t h e  e n z y m e  ( T a b l e  5 ) .  C o u m a r in  I n h i b i t e d  
e x t r a c t a b l e  PAL p e r  s e e d  by 9 8 $ ,  q u e r c e t i n  by 9 9 $ ,  and c h l o r o g e n l c  
a c  I d by 98$ a t  500  |uM. Germ I n a t  I on o f  s e e d s  was  a l s o  I n h i b I  t e d  by
t h e s e  compounds a t  t h i s  c o n c e n t r a t i o n .  At lower  c o n c e n t r a t i o n s ,  where
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F i g .  8 . E f f e c t  o f  c in n a m ic  a c i d  on t h e  t im e  c o u r s e  o f  PAL
a c t i v i t y .  The s e e d s  were  g e rm in a te d  In w a te r  f o r  12 
h under  w h i t e  l i g h t  and th e n  t r a n s f e r r e d  t o  c in n am ic  
a c i d  a t  ( A ) 10"5 and ( ■  ) I0“ 4 M. ( •  ) 
r e p r e s e n t s  a c t i v i t y  In c o n t r o l  s e e d s .  Each p o i n t  















Tab le  5.  E f f e c t  o f  v a r i o u s  e n d p r o d u c t s  o f  t h e  p h e n y l p ro p a n o id  
pathway on r a d i c l e  e l o n g a t i o n  and PAL a c t i v i t y  in  
g e r m i n a t i n g  l e t t u c e  s e e d s .  O b s e r v a t i o n s  were t a k e n  a f t e r  
24 h o f  i n c u b a t i o n  in  t h e  o r e s e n c e  o f  v a r i o u s  compounds.  
The mean r a d i c l e  l e n q t h  f o r  c o n t r o l s  was 5 . 6 ± 0 .2 3  mm and 
PAL a c t i v i t y  p e r  s eed  was 1 .4 0 ± 0 .0 9  u n i t s 1 .
Compound Cone. (juM) % Germ. R a d i c l e  I g t h  
(% c o n t r o l )
PAL a c t i v i t y  
{% c o n t r o l )
Coumarin 50 80 28*** 84***
100 10 23*** 34***
500 0 0 2***
Q u e r c e t in 50 100 60*** 77***
100 50 33*** 4Q***
500 0 0 0 .7***
C h lo ro g e n ic
a c i d
50 100 78 100
100 100 50*** 78**
500 0 Q * * * 2***
1
■‘■unit o f  PAL a c t i v i t y  = nmol c innam ic a c i d  formed p e r  ho u r .
* s i g n i f i c a n t  a t  0 . 0 5  l e v e l .  
** s i g n i f i c a n t  a t  0 .0 2 5  l e v e l  
*** s i g n i f i c a n t  a t  0.01  l e v e l .
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g e r m i n a t i o n  d id  o c c u r ,  t h e  I n h i b i t i o n  of  PAL a c t i v i t y  was p r o p o r t i o n a l  
t o  t h e  r e d u c t i o n  o f  r a d i c l e  g row th  In each  c a s e  (Tab le  5).
When r a d i c l e  l e n g t h s  from a l l  t h e  above e x p e r i m e n t s  were p l o t t e d  
a g a i n s t  c o r r e s p o n d i n g  v a l u e s  f o r  PAL a c t i v i t y ,  a s t r o n g  c o r r e l a t i o n  
was o b t a i n e d  be tween  t h e  tw o  (F ig.  9).  R a d i c l e  l e n g th  was r e g r e s s e d  
on PAL a c t i v i t y .  The  r e g r e s s i o n  w as  h i g h l y  s i g n i f i c a n t  ( r 2 = 0 . 8 6  
p>0.001).  In o r d e r  t o  g e t  f u r t h e r  I n s i g h t  I n t o  t h i s  a p p a r e n t  c o r r e l a ­
t i o n  be tween  t h e  r a d i c l e  l e n g th  and t h e  PAL a c t i v i t y  p e r  seed  i t  was 
d e c i d e d  t o  s e e  t h e  d i s t r i b u t i o n  o f  PAL a c t i v i t y  In v a r i o u s  p a r t s  o f  
t h e  g e r m i n a t e d  seed .  T w e n ty - f o u r  h o ld  g e r m i n a t e d  l e t t u c e  s e e d s  w ere  
d i s s e c t e d  I n t o  f o u r  p a r t s ,  (1)  s e e d  c o a t ,  (2)  e n d o s p e r m ,  (3)  c o t y l e ­
dons  + p lu m u le  and (4) r a d i c l e .  P h e n y l a l a n i n e  a m m o n ia - l y a s e  a c t i v i t y  
a s  well  as  t h e  c o n c e n t r a t i o n  of  p r o t e i n  were  d e t e r m in e d  in each  seed  
p a r t  s e p a r a t e l y .  The r e s u l t s  p r e s e n t e d  In T a b l e  6 show t h a t  m os t  o f  
t h e  p r o t e i n  In t h e  g e r m i n a t e d  seed  was in t h e  c o t y l e d o n s  and p lu m u le ,  
w h e re a s ,  v e ry  l i t t l e  p r o t e i n  was p r e s e n t  I n . t h e  r a d i c l e .  On t h e  o t h e r  
h a n d ,  m ore  t h a n  90?  o f  t h e  PAL a c t i v i t y  o f  t h e  s e e d  was  c o n f i n e d  t o  
t h e  r a d i c l e .  There  was very  l i t t l e  PAL a c t i v i t y  In o t h e r  p a r t s  of  t h e  
s e e d .
E f f e c t  a £  AOPP a n  EAL A.o±i.YJ±y a n d  Qr.Q..w.th
2-AmInoxy 3 -pheny l  p r o p i o n i c  a c i d  (AOPP) Is  a w e l l  known s p e c i f i c  
I n h i b i t o r  of  PAL from many s o u r c e s .  I t  has  a l s o  been shown t o  c a u s e  a 
s u p e r  I n d u c t l o n  o f  PAL in some p l a n t  t i s s u e s  ( A m rh e ln  and G e r h a r d t ,  
1979;  Noe e t  a l . ,  1980; T u t s c h e k ,  1982) .  When l e t t u c e  s e e d s  w e r e  
In c u b a t e d  In two d i f f e r e n t  c o n c e n t r a t i o n s  of  L-AOPP (10“ 5m and 10“ 4 m) 
f o r  24  h and  e n zy m e  a c t i v i t y  m e a s u r e d  in t h e  c r u d e  e x t r a c t ,  v e r y
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Fig .  9. C o r r e l a t i o n  be tw een  PAL a c t i v i t y  and r a d i c l e  l e n g th  In 
g e r m i n a t i n g  l e t t u c e  s e e d s  exposed  t o  v a r i o u s  compounds.  
Data from t a b l e  3,  4,  and 5.  ( R a d i c l e  l e n g th  was 
r e g r e s s e d  on PAL a c t i v i t y .  The r e g r e s s i o n  was h i g h l y  













PAL A C T I V IT Y  (nm C A h v s e e d )
oo
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T ab le  6 . D i s t r i b u t i o n  o f  PAL a c t i v i t y  and t o t a l  p r o t e i n  in  d i f ­
f e r e n t  p a r t s  o f  g e r m i n a t i n g  l e t t u c e  s e e d s .  A f t e r  24 h 
o f  i n c u b a t i o n  in  w a t e r  u n d e r  w h i t e  l i g h t ,  100 s e e d s  
were  d i s s e c t e d  and d i f f e r e n t  p a r t s  a s s a y e d  f o r  PAL 
a c t i v i t y  and p r o t e i n  c o n t e n t .
Seed P a r t  P r o t e i n  U n i t s  PAL
(pg S e e d ) -1  (mg P r o t e i n ) -1
Seed Coat  6 0
Endosperm 4 0
C o ty ledons  and Plumule  210 2
R a d i c l e  23 57
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I I + t l e  PAL was  d e t e c t e d .  Even a f t e r  d i a l y s i s  o f  t h e  c r u d e  e x t r a c t  
t h e r e  was more t h a n  65$ I n h i b i t i o n  of  PAL a c t i v i t y  a t  10” 5 M AOPP and 
more t h a n  80$ I n h i b i t i o n  a t  10~4M pqpp j n d l a l y s e d  s a m p le s .  In con­
t r a s t  t o  t h e  e f f e c t  o f  o t h e r  s u b s t r a t e  a n a  I o g u e s  t h a t  I n h I b I  t e d  PAL 
a c t i v i t y  and c au s ed  a c o n c o m m l ta n t  i n h i b i t i o n  of  t h e  r a d i c l e  g ro w th ,  
w i th  AOPP, t h e r e  was a s l i g h t  s t i m u l a t i o n  of t h e  r a d i c l e  g r o w th  (Table  
7 ) .
In o r d e r  t o  t e s t  w h e t h e r  t h e  I n h i b i t i o n  o f  PAL i n  s e e d s  
g e r m i n a t e d  In t h e  p r e s e n c e  of  L-AOPP c o u ld  be due t o  t h e  s y n t h e s i s  o f  
a low m o l e c u l a r  w e i g h t  p r o t e i n a c e o u s  I n h i b i t o r ,  ammonium s u l f a t e -  
p r e c l p t t a t e d  enzyme (60$ s a t u r a t i o n )  o b t a i n e d  from AOPP t r e a t e d  s e e d s  
was used f o r  enzyme a s s a y .  Enzyme a c t i v i t y  p e r  seed  was s t i l l  a s  low 
a s  In t h e  o r i g i n a l  c r u d e  e x t r a c t  s h o w i n g  t h a t  a m m o n I u m - s u I f p h a t e  
p r e c i p i t a t i o n  d id  no t  remove t h e  I n h i b i t o r ,  If  t h e r e  was any.
T r a n s f e r  E x p e r i m e n t s  t o  AQPE
In o r d e r  t o  f u r t h e r  a n a l y s e  t h e  e f f e c t s  of AOPP on t h e  d ev e lo p ­
ment  of  PAL a c t i v i t y ,  e x p e r i m e n t s  were  c o n d u c te d  where AOPP was p ro ­
v i d e d  t o  t h e  s e e d s  a f t e r  g e r m i n a t i o n  and  a l s o  d u r i n g  t h e  e x t r a c t i o n  
p r o c e s s .  In one e x p e r i m e n t ,  s eed s  were g e r m i n a t e d  In w a t e r  f o r  12 h 
and t r a n s f e r r e d  t o  two d i f f e r e n t  c o n c e n t r a t i o n s  of  L-AOPP (10“ 5m and 
10“ 4 M). Enzyme a c t i v i t y  as  well  as  r a d i c l e  l e n g th  of  t h e  s e e d s  were 
d e t e r m i n e d  a t  t h e  t i m e  o f  t r a n s f e r  and a g a i n  a t  v a r i o u s  t i m e s  a f t e r  
t r a n s f e r .  R e s u l t s  p r e s e n t e d  In F i g .  10 show t h a t  t h e r e  w as  a r a p i d  
d ec  I I n e  In PAL a c t i v i t y  on t r a n s f e r  o f  s e e d s  t o  AOPP. T h i s  d e c  I Ine  
c o n t i n u e d  u n t i l  a t  l e a s t  36 h of  I n c u b a t io n .  Seeds In c u b a t e d  in  10 
M AOPP, however ,  seemed t o  s l i g h t l y  overcome t h e  I n h i b i t i o n  a t  36 h.
L
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T ab le  7.  E f f e c t  o f  AOPP (10“ 5 and 10-4  M) on PAL a c t i v i t y *  and r a d i c l e  
l e n g t h  in  24 h o l d  g e r m i n a t i n g  l e t t u c e  s e e d s .  The enzyme 
was a s s a y e d  b e f o r e  d i a l y s i s ,  a f t e r  d i a l y s i s  and a f t e r  
ammonium s u l f a t e  p r e c i p i t a t i o n  f o l l o w e d  by d i a l y s i s .  Each 
v a l u e  f o r  PAL a c t i v i t y  r e p r e s e n t s  an a v e r a g e  o f  4 r e ­
p l i c a t e s  o f  100 s e e d s  e a c h .  Each v a l u e  f o r  r a d i c l e  l e n g t h  
r e p r e s e n t s  an a v e r a g e  o f  4 r e p l i c a t e s  o f  10 s e e d s  e a c h .
T re a tm e n t  U nd ia lyzed  D ia ly z e d  ( N H ^ S O a R a d i c l e
p r e c i p i t a t e d  l e n g t h  (mm)
Contro l 44 .8 9 4 8 .43 41.31 3.1
10-5  m AOPP 7 .57 16 .66 1 4 .34 5 .7
10~4 M A0PP 7 .44 8 .6 4 8 .8 4 4 . 8
*Unit  o f  PAL a c t i v i t y  = nm o f  CA formed p e r  h r .
F i g .  10. E f f e c t  o f  AOPP on t h e  t i m e  c o u r s e  o f  PAL a c t i v i t y  ( t o p )  
and r a d i c l e  l e n g t h  ( b o t t o m ) .  The s e e d s  were  g e r mi na t e d  
In wa t e r  f o r  12 h under  w h i t e  l i g h t  and t h e n  t r a n s f e r r e d  
t o  AOPP a t  ( ▲ ) 10“ 5 M and ( ■  ) 10"4 M. ( •  ) 
r e p r e s e n t s  a c t i v i t y  In c o n t r o l  s e e d s .  Each volume f o r  PAL 
a c t i v i t y  r e p r e s e n t s  an a v e r a g e  of  4 r e p l i c a t e s  o f  100 s e e d s .  
Each v a l u e  f o r  r a d i c l e  l e n g t h  r e p r e s e n t s  an a v e r a g e  of  
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As n o t e d  e a r l i e r ,  t h e r e  was  a p r o g r e s s i v e  s t i m u l a t i o n  o f  r a d i c l e  
l e n g t h  In t h e  p r e s e n c e  o f  AOPP t i l l  24 h.
Elf .SCt  f i t  E x t r a c t i n g  £AL I n  S. B u f f e r  c o n t a i n i n g  AOPP
As me n t i oned  e a r l i e r ,  ammonium s u l f a t e  p r e c l p i t a i o n  and d i a l y s i s  
o f  t h e  c r u d e  e x t r a c t  f rom t h e  s ee d s  grown In AOPP did  n o t  r e s t o r e  PAL 
a c t i v i t y .  One o f  t h e  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  cou l d  be t h a t  t h e  
i n h i b i t i o n  of  PAL o b s e r ve d  In t h e  p r e s e n c e  of  AOPP c ou l d  be due t o  t h e  
i r r e v e r s i b l e  b i n d i n g  o f  AOPP t o  PAL l e a d i n g  t o  i t s  i n a c t i v a t i o n .  To 
t e s t  t h i s  h y p o t h e s i s ,  24 h o l d  g e r m i n a t e d  s e e d s  were  homogenized in an 
e x t r a c t i o n  b u f f e r  c o n t a i n i n g  10“ 4 m AOPP. The e n z y m e  was  a s s a y e d  
b e f o r e  and a f t e r  d i a l y s i s  of  t h e  c e n t r i f u g e d  e x t r a c t .  A s u b s t a n t i a l  
d e c r e a s e  In enzyme a c t i v i t y  was obs e r ve d  when t h e  s ee d s  were  e x t r a c t e d  
In t h e  p r e s e n c e  of  AOPP ( T a b l e  8 ) .  F u r t h e r  m o r e ,  d i a l y s i s  d i d  n o t  
r e s u l t  In f u l l  r e c o v e r y  o f  t h e  a c t i v e  e n z y m e  I n d i c a t i n g  t h a t  t h e  
b i n d i n g  of  L-AOPP t o  PAL may be I r r e v e r s i b l e .
When t h e  above e x p e r i m e n t  was done u s i ng  v a r i o u s  s u b s t r a t e  a na ­
logues  men t i oned  e a r l i e r  In t h e  I n h i b i t i o n  s t u d i e s ,  I t  was o b s e r v ed  
t h a t  d i a l y s i s  r e s u l t e d  in a c o m p l e t e  r e c o v e r y  of  t h e  enzyme a c t i v i t y  
(Tab l e  8 ),  i n d i c a t i n g  t h a t  t h e  b i n d i n g  of  t h e s e  compounds t o  PAL was 
r e v e r s i  bl e .
E i i f i c t  o_f AOPP on E t h y l e n e  P r o d u c t i o n
A m r h e i n  ( p e r s o n a l  c o m m u n i c a t i o n )  s u g g e s t e d  t h a t  s t i m u l a t i o n  of
“ 5r a d i c l e  e l o n g a t i o n  in r e s p o n s e  t o  t h e  low c o n c e n t r a t i o n s  of  AOPP (10 
M) c o u l d  be s econda r y  e f f e c t  of  AOPP due t o  I t s  I n h i b i t i o n  of  e t h y l e n e  
s y n t h e s i s .  In o r d e r  t o  t e s t  t h i s  h y p o t h e s i s  t h e  p r o d u c t i o n  o f
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Tab l e  8.  E f f e c t  o f  t h e  p r e s e n c e  o f  v a r i o u s  i n h i b i t o r s  o f  PAL 
(100 pM) in  t h e  e x t r a c t i o n  b u f f e r  on enzyme a c t i v i t y .  
The e x t r a c t  was d i a l y z e d  and t h e  enzyme was a s s a y e d .  
Each v a l u e  r e p r e s e n t s  an a v e r a g e  o f  4 r e p l i c a t e s .
Tr e a t me n t  PAL A c t i v i t y *
Cont ro l 70 . 8
P - f l u o r o p h e n y l a l a n i  ne 7 0 . 8
D - p h e n y l a l a n i n e 65 . 8
j 3 - p h e n y l l a c t i c  a c i d 6 8 . 3
Trypt ophan 65 . 6
^-aminoxy-yS-phenyl 
p r o p i o n i c  a c i d 4 . 4
* Un i t  o f  PAL a c t i v i t y  = nmol CA formed h-1
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e t h y l e n e  by g e r m i n a t i n g  l e t t u c e  s e e d s  In t h e  p r e s e n c e  of AOPP ove r  a 
p e r i o d  o f  72 h was m o n i to r ed .  Seeds  were  I ncuba t ed  In two d i f f e r e n t  
c o n c e n t r a t i o n s  of  AOPP ( 10~5 m and 10“ ^M) In f l a s k s  s e a l e d  w i t h  r ub be r  
s t o p p e r s .  At v a r i o u s  t i m e  I n t e r v a l s ,  2 ml gas  s amp l es  f rom t h e  f l a s k s  
w e r e  a n a l y s e d  f o r  e t h y l e n e  u s i n g  a g a s  c h r o m a t o g r a p h .  No e t h y l e n e  
c o u l d  be d e t e c t e d  In t h e  f l a s k  f o r  t h e  f i r s t  6 h o f  I m b i b i t i o n .  B u t  
a t  18 h when e t h y l e n e  c o u l d  be d e t e c t e d ,  a s l i g h t  I n h i b i t i o n  of  e t h y ­
lene  p r o d u c t i o n  which was c o n c e n t r a t i o n  depe n d e n t  was o b s e r ve d  In t h e  
p r e s e n c e  of  AOPP ( f i g  1 1 ) .  The m a g n i t u d e  o f  I n h i b i t i o n  o f  e t h y l e n e  
s y n t h e s i s  by AOPP was  f o u n d  t o  I n c r e a s e  w i t h  t i m e .  T h e r e  was  57$ 
I n h i b i t i o n  of  e t h y l e n e  p r o d u c t i o n  a t  10“ 4m AOPP and 12$ I n h i b i t i o n  a t  
10” 5M AOPP a f t e r  72 h.
P u r l f I c a t l o n  a t  PAL
As shown In T a b l e  6 , mos t  o f  t h e  PAL a c t i v i t y  Is c o n f i n e d  t o  t h e  
r a d i c l e s  of  g e r m i n a t i n g  l e t t u c e  s eeds  whereas  mos t  of  t h e  p r o t e i n  Is  
p r e s e n t  In t h e  c o t y l e d o n s  and p l umule .  T h e r e f o r e ,  I t  was on ly  l o g i c a l  
t o  u s e  r a d i c l e s  a s  t h e  s o u r c e  o f  t h e  e n z y m e  f o r  p u r i f i c a t i o n .  
A p p r o x i m a t e l y  1 5 , 0 0 0  s e e d s  (15  gms by w e i g h t )  w e r e  g e r m i n a t e d  on a 
p l a s t i c  mesh soaked In w a t e r .  A f t e r  40 h of  i n c u b a t i o n  t h e  r a d i c l e s  
were  e x c i s e d  and used f o r  t h e  e x t r a c t i o n  of  t h e  enzyme.
The enzyme was e x t r a c t e d  In a b o r a t e  a s c o r b a t e  b u f f e r ,  pH 8 .8 , a s  
d e s c r i b e d  e a r l i e r ,  w i t h  t h e  e x c e p t i o n  t h a t  2 mM d l t h l o t h r e l t o l  (DTT) 
was  a d d ed  t o  t h e  e x t r a c t i o n  b u f f e r .  A f t e r  t h e  f i r s t  c e n t r i f u g a t i o n  
t h e  p e l l e t  was r e - e x t r a c t e d  In t h e  same b u f f e r .  The combined e x t r a c t  
was f i l t e r e d  t h r ough  a c h e e s e c l o t h  and s u b j e c t e d  t o  ammonium s u l f a t e
68
F i g -  1
i
E f f e c t  of  AOPP on t h e  t i me  c o u r s e  of  e t h y l e n e  p r o d u c t i o n  
In g e r m i n a t i n g  l e t t u c e  s ee d s  I ncuba t ed  f o r  v a r i o u s  t i me  
p e r i o d s  In ( A ) I0"5 M and ( ■  ) 10“ * M AOPP.
At  d i f f e r e n t  i n t e r v a l s  2 ml gas  samples  from each f l a s k  
were a n a l y z e d  f o r  e t h y l e n e .  Each p o i n t  r e p r e s e n t s  an 
a v e r a g e  of  f h r e e  r ep  I I c a t e s .
/
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p r e c i p i t a t i o n .  I t  was  f o u n d  t h a t  m o s t  o f  t h e  e n z y m e  p r e c i p i t a t e d  
be t ween  30 and 55% s a t u r a t i o n  w i t h  ammonium s u l f a t e  (Table  9).
The ammonium s u l f a t e  p r e c i p i t a t e d  enzyme was d i s s o l v e d  In a 0.1 M 
b o r a t e  b u f f e r  c o n t a i n i n g  2 mM DTT and  d e s a l t e d  on a S e p h a d e x  G-50  
column.  The column was e l u t e d  w i t h  t h e  same b u f f e r  and t h e  e f f l u e n t  
m o n i t o r e d  c o n t i n u o u s l y  a t  280 nm. The e l u t i o n  p r o f i l e  from Sephadex 
G-50 c o l u m n  I s  shown In F i g .  12.  F r a c t i o n s  c o n t a i n i n g  p r o t e i n  w e r e  
a s s a y e d  f o r  enzyme a c t i v i t y .  T h i s  s t e p  y i e l d e d  a t h r e e  f o l d  p u r i f i c a ­
t i o n  of  t h e  enzyme ( Tab l e  10).  Even though t h e  d a t a  In T a b l e  10 show 
a r e c o ve r y  of  o n l y  60% of  t h e  o r i g i n a l  enzyme a c t i v i t y  p r e s e n t  In t h e  
c r u d e  e x t r a c t ,  f o r  t h i s  p r e p a r a t i o n ,  some p r e p a r a t i o n s  did  show much 
b e t t e r  y i e l d s  of  a c t i v i t y  (as  h i gh  a s  90%).
A l t e r n a t e l y ,  t h e  p r e c i p i t a t e  was  d i s s o l v e d  In 0.01 M b o r a t e  
b u f f e r  and  d l a l y s e d  a g a i n s t  t h e  s ame  b u f f e r  f o r  1 6 - 2 4  h. D i a l y s i s  
a l w a y s  r e s u l t e d  In s i g n i f i c a n t l y  r e d u c e d  r e c o v e r y  a s  c o m p a r e d  t o  
d e s a l t i n g  t h r o u g h  Sephadex G-50 column,  a t  t h e  same t i m e  r e d u c i n g  t h e  
f o l d  p u r i f i c a t i o n .
The d e s a l t e d  enzyme had t o  be c o n c e n t r a t e d  b e f o r e  f u r t h e r  f r a c ­
t i o n a t i o n .  Three  methods  were  t e s t e d  f o r  t h e  c o n c e n t r a t i o n  of  enzyme 
and  t h e  r e c o v e r y  o f  t h e  e n z y me  c o m p a r e d .  T h e s e  m e t h o d s  u t i l i z e d  
s u c r o s e ,  p o l y e t h y l e n e  g ly c o l  and Sephadex G-200. The enzyme s o l u t i o n  
was p l a c e d  In a d i a l y s i s  bag and t h e  bag cove re d  w i t h  t h e s e  m a t e r i a l s  
f o r  4-5 h. Of t h e  t h r e e  me thods  used,  c o n c e n t r a t i o n  wi t h  s u c r o s e  was 
f o u n d  t o  be t h e  m o s t  s u i t a b l e .  Abou t  10 f o l d  c o n c e n t r a t i o n  c o u l d  be 
a c h i ev e d  In 4-5 hr s .  The c o n c e n t r a t e d  s ampl e  was d l a l y s e d  a g a i n s t  0.1 
M b o r a t e  b u f f e r  c o n t a i n i n g  2mM DTT and s u b j e c t e d  t o  gel  f i l t r a t i o n  on
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Tab l e  9.  P e r c e n t  s a t u r a t i o n  o f  ammonium s u l f a t e  a t  which PAL 
p r e c i p i t a t e s  f rom a c r ud e  e x t r a c t .  S o l i d  ammonium 
s u l f a t e  was u se d .
P e r c e n t  S a t u r a t i o n  [ ( N H ^ S O ^ ]  Enzyme A c t i v i t y
(% o f  t o t a l  r e c o v e r e d )
0-30 1 . 9
30-40 1 1 . 6
40-55 85.1
55-65 1 . 4
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F i g .  12.  E l u t i o n  p r o f i l e  f o r  PAL a c t i v i t y  ( O )  and t o t a l
p r o t e i n  ( • )  f rom a column of  Sephadex G-50.  F r a c t i o n s  
o f  8 ml e a c h  w e r e  c o l l e c t e d  and  e a c h  s a m p l e  a n a l y z e d  
f o r  PAL a c t i v i t y  and p r o t e i n  c o n t e n t .  The PAL a c t i v i t y  
Is  e x p r e s s e d  a s  CPM In c i n n a m i c  a c i d  o b t a i n e d  when 0.1 
ml s a m p l e  f r o m  e a c h  f r a c t i o n  was  a s s a y e d .  P r o t e i n  
c o n t e n t  I s  e x p r e s s e d  a s  A595 In 0.1 ml sample  from each 
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Table  10. P u r i f i c a t i o n  o f  p h e n y l a l a n i n e  ammonia- lyase  f rom t h e  r a d i c l e s  o f  g e r mi n a t i ng  l e t t u c e
s e e d s .  Changes in t o t a l  p r o t e i n  and PAL a c t i v i t y  d u r i n g  v a r i o u s  s t e p s  o f  p u r i f i c a t i o n .  
About 15,000 seeds  ge rmi na t e d  f o r  40 h were used .
Trea tment  Volume Tota l  p r o t e i n  Tota l  a c t i v i t y  S p e c i f i c  Recovery P u r i f i c a t i o n  
(ml) (mg) (nm c i n n . / h r )  a c t i v i t y  (% o f  ( f o l d )
o r i g i n a l )
1) Crude e x t r a c t
2) Amm. s u l f a t e
p r e c i p i t a t i o n  -
60 1740 10860 6 . 2 100
Sephadex 6-50 50 300 6550 21 60 3 . 4
3) Sephadex G-200 17 19 2103 110 19.2 17.7
4) DEAE C e l l u l o s e 15 7 1032 147 9.41 23 . 7
5) Hydroxyl a p a t i t e 9 0 . 92 210 232 1.88 37.4
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a Sephadex G-200 column.  The p r o t e i n s  we r e  e l u t e d  In a broad  t r a i l i n g  
p e a k  and  t h e  e n z y m e  c a m e  o u t  In t h e  f i r s t  f ew f r a c t i o n s  ( F i g .  13) .  
T h i s  s t e p  proved t o  be q u i t e  e f f e c t i v e  In s e p a r a t i n g  t h e  enzyme from 
o t h e r  p r o t e i n s .  The r e s u l t i n g  enzyme was p u r i f i e d  f i v e  f o l d  (Table  
10).  The r e c o v e r y  from t h i s  column was 32$ o f  t h e  amount  loaded.
The  f r a c t i o n s  f ro m S e p h a d e x  G-200  s h o w i n g  PAL a c t i v i t y  w e r e  
poo led  t o g e t h e r  and c o n c e n t r a t e d  wi t h  s u c r o s e  a s  d e s c r i b e d  above.  The 
c o n c e n t r a t e d  s o l u t i o n  was d l a l y s e d  a g a i n s t  0.01 M b o r a t e  b u f f e r  con­
t a i n i n g  2mM DTT and s u b j e c t e d  t o  Ion exchange  c h r oma t og r a phy  on a DEAE 
c e l l u l o s e  column.  The column was e l u t e d  w i t h  a s t e p w i s e  g r a d i e n t  of  
sodium c h l o r i d e  In a 0.2 M b o r a t e  b u f f e r  c o n t a i n i n g  2mM DTT. Two o t h e r  
k i n d s  of  g r a d i e n t s  (concave  and convex)  o b t a i n e d  by a p e r i s t a l t i c  pump 
w e r e  a l s o  t e s t e d ,  b u t  t h e  s t e p  w i s e  g r a d i e n t  was  f o u n d  t o  be mo r e  
s u I  t a b  Ie .  The p r o t e J  ns c a m e  o u t  In t h r e e  d I f f e r e n t  p e a k s  a t  sod  Ium 
c h l o r i d e  c o n c e n t r a t i o n s  o f  0 . 0 5 ,  0.3 and  0.5 M ( F i g .  14) .  Mo s t  o f  t h e  
enzyme a c t i v i t y  was a s s o c i a t e d  w i t h  t h e  t h i r d  peak e l u t i n g  a t  a con­
c e n t r a t i o n  o f  0.5 M NaCI ( F i g .  14) .  T h i s  t e c h n i q u e  r e s u l t e d  In t h e  
I n c r e a s e  in s p e c i f i c  a c t i v i t y  o f  PAL f r o m  110 t o  147 u n i t s  /  mg 
p r o t e i n .  The r e c o ve r y  of  PAL from t h i s  column was a p p r o x i m a t e l y  49$ 
(Tabl  e  10) .
F r a c t i o n s  c o l l e c t e d  f r om  t h e  a b o v e  c o l u m n  t h a t  s h o we d  PAL 
a c t i v i t y  w e r e  p o o l e d  and  c o n c e n t r a t e d  w i t h  s u c r o s e  and d t a l y z e d
a g a i n s t  0.01 M K2 HPO4 b u f f e r ,  pH 8 .8 , b e f o r e  s u b j e c t i n g  I t  t o  h y d r o ­
xy I a p a t  I t e  c h r o m p a t o g r a p h y  on a BI o Ge I HTP co  I umn. The c o l  umn was  
e l u t e d  w i t h  a s t e p  w i s e  g r a d i e n t  o f  K2HPO4 . In t h i s  c a s e  a l s o  concave  
and convex g r a d i e n t s  of  p ho s p h a t e  were  t e s t e d ,  b u t  s t e p w i s e  g r a d i e n t
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Fig .  13. E l u t i o n  p r o f i l e  f o r  PAL a c t i v i t y  (O) and t o t a l  p r o t e i n  ( • )  
f rom a column of  Sephadex G-200.  F r a c t i o n s  of  8 ml were  
c o l l e c t e d  and each s ampl e  a s s a y e d  f o r  PAL a c t i v i t y  and 
p r o t e i n  c o n t e n t .  PAL a c t i v i t y  Is e x p r e s s e d  as  CPM In 
c i nnami c  a c i d  o b t a i n e d  when 0.1 ml sample  from each 
f r a c t i o n  was a s s a y e d .  The p r o t e i n  c o n t e n t  Is  e x p r e s s e d  
a s  A595 In 0.1 ml sampl es  from each f r a c t i o n  (Column s i z e  
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Fig .  14. Elu+Ion p r o f i l e  f o r  PAL a c t i v i t y  ( O )  and t o t a l  p r o t e i n  
( • )  f rom a column of DEAE c e l l u l o s e .  F r a c t i o n s  of  8 ml 
each were c o l l e c t e d .  PAL a c t i v i t y  Is  e x p r e s s e d  a s  CPM In 
c l n n a m a t e  o b t a i n e d  when O. l  ml sample  from each f r a c t i o n  
was a s s a y e d .  S i m i l a r l y  p r o t e i n  c o n t e n t  Is  e x p r e s s e d  a s  
A5 9 5 . In 0 .1  ml sample  from each f r a c t i o n .  The column was 
e l u t e d  wi t h  a s t e p w i s e  g r a d i e n t  of  NaCI ( —— ) e x p r e s s e d  
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was  m o r e  e f f e c t i v e .  M o s t  o f  t h e  e n zy m e  was  e l u t e d  In t h e  f i r s t  f ew 
f r a c t i o n s  a t  a c o n c e n t r a t i o n  o f  0 . 3  M p h o s p h a t e .  T h i s  m e t h o d  o f  
s e p a r a t i o n  I n c r e a s e d  t h e  s p e c i f i c  a c t i v i t y  from 147 t o  232 u n i t s  /  mg 




Ffg.  15. E l u t i o n  p r o f i l e  of  PAL a c t i v i t y  ( O )  and p r o t e i n  ( • )  
f rom a co lumn of  Bio  Gel HTP. F r a c t i o n s  of  8 ml each 
were c o l l e c t e d  and a n a l y z e d  f o r  PAL a c t i v i t y  and 
p r o t e i n  c o n t e n t .  PAL a c t i v i t y  Is e x p r e s s e d  as  CPM In 
c i nn a mi c  a c i d  o b t a i n e d  when O.l  ml sample  from each 
f r a c t i o n  was a s s a y e d .  The p r o t e i n  c o n t e n t  Is  e x p r e s s e d  
a s  A595 In O. l  ml sample  from each f r a c t i o n .  The column 
was e l u t e d  wi t h  a s t e p w i s e  g r a d i e n t  o f  I^HPO^C-""}
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As Is e v i d e n t  f rom t h e  h y p e r b o l i c  s a t u r a t i o n  c u r v e  and t h e  L l n e -  
weaver -Burk  P l o t  f o r  PAL a c t i v i t y  a t  v a r i o u s  s u b s t r a t e  c o n c e n t r a t i o n s ,  
PAL In g e r m i n a t i n g  l e t t u c e  s ee d s  shows t y p i c a l  M i c h a e l I s - M e n t e n  k i n e ­
t i c s  (Fig .  2).  Th i s  t y p e  o f  k i n e t i c s  has  been r e p o r t e d  f o r  PAL m o s t l y  
f rom m i c r o o r g a n i s m s  (Ernes and VInIng,  1970; Hodgfns ,  1970; P a r k h u r s t  
and Hodglns ,  1972) and o n l y  f rom one  h i g h e r  p l a n t  s p e c i e s  v i z .  m u s t a r d  
(Gupta and Acton ,  1979).  T h i s  s i t u a t i o n  I s  q u i t e  d i f f e r e n t  f rom t h a t  
o f  PAL f r o m  p o t a t o  ( H a v l r  and  H a n s o n ,  1 9 6 8 ) ,  p e a  ( A t t r l d g e  e t  a l . ,  
1971),  p a r s l e y  (ZImmermann and Hah l b rock ,  1971) and ma i z e  ( Hav l r  and 
Hanson,  1973),  where  k i n e t i c s  s h o w i n g  n e g a t i v e  c o - o p e r a t  I v I t y  h a v e  
b ee n  r e p o r t e d  . No I n d i c a t i o n  o f  c o - o p e r a t l v I t y  was  o b s e r v e d  w i t h  
l e t t u c e  PAL ove r  a wi de  r a n g e  (15-600 jjM) of  c o n c e n t r a t i o n  of  p h e n y l -  
a l a n l n e .
The  Km o f  t h e  e n z y m e  f r o m  l e t t u c e  s e e d s  was  f o u n d  t o  be 4 . 2  x 
I0” 5 M. T h i s  v a l u e  compares  wel l  w i t h  v a l u e s  r e p o r t e d  f o r  w h e a t  (Narl  
e t  a l . ,  1 9 7 2 ) ,  p o t a t o  ( H a v l r  and H a n s o n ,  1 9 7 3 ) ,  and g h e r k i n  ( I r e d a l e  
an d  S m i t h ,  1974 ) .  The Km v a l u e s  f o r  PAL r e p o r t e d  in t h e  I I t e r a t u r e  
r a n g e  f ro m  3 . 8  x 10 “ 5 m t o  1.7 x 10“ 5 m. P h e n y l a l a n i n e  a m m o n i a  l y s e  
f r o m  l e t t u c e  s e e d s  d o e s  n o t  show any t y r o s i n e  ammonl  a -1  y a s e  (TAL) 
a c t i v i t y  as  Is  e v i d e n t  f rom t h e  lack o f  I n h i b i t i o n  of  enzyme a c t i v i t y  
by t y r o s i n e  or  p - c o u m a r l c  a c i d ,  t h e  p r od u c t  of  t y r o s i n e  a mmo n l a - I ya se .
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M o s t  o f  t h e  c a s e s  w h e r e  PAL e x h i b i t s  TAL a c t i v i t y  a r e  l i m i t e d  t o  
monoco t s .
V a r i o u s  a n a l o g u e s  o f  t h e  s u b s t r a t e  w e r e  u s e d  In e n z y m e  k i n e t i c  
s t u d i e s  t o  examine  t h e  n a t u r e  of  I n h i b i t i o n  of  PAL by t h e s e  compounds.  
Of t h e  f i v e  s u b s t r a t e  a n a l o g u e s  t e s t e d ,  D - p h e n y l a l a n l n e ,  showed comp­
e t i t i v e  I n h i b i t i o n  o f  t h e  e n z y m e  a c t i v i t y  In l e t t u c e  s e e d s  ( F i g .  3 ) .  
In t h e  p a s t  D - p h en y I  a I an  I ne  h a s  b e e n  r e p o r t e d  t o  I n h i b i t  PAL f r o m  
p o t a t o  (Havl r  and Hanson,  1968) ,  bean (Wal ton ,  1968),  t o b a c c o  (O'Neal 
a nd  K e l l e r ,  1 9 7 0 ) ,  y e a s t  ( H o d g l n s ,  1971)  a n d ,  g h e r k i n  ( I r e d a l e  and  
Smi t h ,  1974),  whereas  i t  d i d  n o t  I n h i b i t  PAL a c t i v i t y  f rom S t r e p t o -  
m y c e s  (Ernes and V I n I n g ,  1970)  a n d  s w e e t  p o t a t o  ( T a n a k a  and  U r l t a n i ,  
1977).  At c o mp a r a b l e  c o n c e n t r a t i o n s ,  t h e  s t r o n g e s t  I n h i b i t i o n  of  PAL 
in l e t t u c e  s e e d s  o c c u r r e d  In t h e  p r e s e n c e  of  p - f I u o r o p h e n y l a l a n  Ine  (92% 
I n h i b i t i o n  a t  500 j j M). On f u r t h e r  a n a l y s e s ,  t h e  I n h i b i t i o n  was found 
t o  be c o m p e t i t i v e .  A s i m i l a r  s i t u a t i o n  has  been r e p o r t e d  f o r  PAL from 
w h ea t  (Young and Ne l sh ,  1966) ,  bean (Wal ton ,  1968),  and S t r e p t o m y c e s  
( P a r k h u r s t  and Hodglns ,  1972).  Of t h e  t wo  a r o m a t i c  amino a c i d s  used 
In t h e s e  s t u d i e s ,  t y r o s i n e  d i d  n o t  show any  e f f e c t  on PAL a c t i v i t y ,  
w h e r ea s  t r y p t o p h a n  was found t o  be a c o m p e t i t i v e  I n h i b i t o r  ( Tab l e  1). 
T r y p t o p h a n  h a s  b e e n  r e p o r t e d  t o  I n h i b i t  t h e  e n z y m e  f r o m  t o b a c c o  
( I n n e r a r l t y  e t  a l . ,  1972).  T y r o s i n e  g e n e r a l l y  I n h i b i t s  PAL a c t i v i t y  in 
c a s e s  where  t h i s  enzyme shows TAL a c t i v i t y  (Koukol and Conn, 19 6 1).
Of t h e  p h e n y I  p r o p a n o l d  c o m p o u n d s  u s e d  f o r  k i n e t i c  s t u d i e s ,  t h e  
p r o d u c t  of  t h e  enzyme r e a c t i o n  c i n n a m i c  a c i d ,  was found t o  be a p o t e n t  
c o m p e t i t i v e  I n h i b i t o r  of  t h e  enzyme from l e t t u c e  s e e d s  (Fig.  6).  At 
t h e  h i g h e s t  c o n c e n t r a t i o n  used in t h e s e  s t u d i e s  (500 juM), I t  I n h i b i t e d
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PAL a c + i v l + y  by 75?  ( T a b l e  2 ) .  S i m i l a r  r e s u l t s  h a v e  b e e n  r e p o r t e d  
e a r l i e r  f o r  PAL f r o m  b a r l e y  (Koukol  and Conn ,  1 9 6 1 ) ,  s w e e t  p o t a t o  
(Mlnamlkawa and Tanaka,  1965),  bean (Wal ton ,  1968) ,  p o t a t o  (Havl r  and 
H a n s o n ,  1 9 6 8 ) ,  t o b a c c o  (O’Neal  and Kel l e r ,  1 9 7 0 ) ,  oak  ( B o u d e t  e t  a l . ,  
1 9 7 1 ) ,  y e a s t  ( P a r k h u r s t  and  H o d g l n s ,  1972)  a n d  g h e r k i n  ( I r e d a l e  and  
S m i t h ,  1974 ) .  C i n n a m i c  a c i d  n o t  o n l y  I n h i b i t e d  e n z y m e  a c t i v i t y  In 
v I t r o  , I t  a l s o  p l a y e d  an I m p o r t a n t  r o l e  In t h e  r e g u l a t i o n  o f  PAL 
l e v e l s  In t h i s  t i s s u e  ( see  d i s c u s s i o n  l a t e r ) .  P - c o um a r l c  a c i d ,  one  o f  
t h e  I n t e r m e d i a t e s  o f  t h e  pheny  I p r o p a n o l  d p a t h w a y ,  d i d  n o t  show any 
I n h i b i t i o n  of  PAL from l e t t u c e  seeds .  G e n e r a l l y  I t  has  been r e p o r t e d  
t o  I n h i b i t  PAL from on l y  s o u r c e s  t h a t  show TAL a c t i v i t y  (Ne l sh ,  1961; 
Young e t  a I . ,  1965; H a v l r  e t  a l . ,  1971; Hodg l ns ,  1971).  O t h e r  phe n y I -  
p r o p a n o l d  p a t h w a y  I n t e r m e d i a t e s  I I k e  c a f f e l c  a c i d  and  f e r u l I c  a c i d  
a l  s o  d i d  n o t  I nhi  b i t  PAL f r o m  l e t t u c e  s e e d s .  I n t o b a c c o  (O’Neal  and 
Ke I I e r ,  1 970)  a nd g h e r k  I n (I r e d  a I e and  S m i t h ,  1 97 4) c a f f e l c  a c i d  d i d  
n o t  show any I n h i b i t i o n  whereas  f e r u l I c  a c i d  d i d  I n h i b i t  PAL a c t i v i t y .  
In s w e e t  p o t a t o ,  on t h e  o t h e r  hand,  c a f f e l c  a c i d  was found t o  I n h i b i t  
t h e  enzyme c o m p e t i t i v e l y  (Mlnamlkawa and U r l t a n l ,  1965).
E n d p r o d u c t s  o f  t h e  phe n y I  p r o p a n o l d  p a t h w a y  l i k e  c o u m a r l n ,  
q u e r c e t l n ,  kaempfe ro l  e t c .  have been shown t o  be s t r o n g  I n h i b i t o r s  o f  
t h i s  e n z y me  f r o m b e a n  ( W a l t o n ,  1 9 6 8 ) ,  t o b a c c o  (O'Neal  and K e l l e r ,  
1 9 7 0 ) ,  y e a s t  ( P a r k h u r s t  and H o d g l n s ,  1972)  and  g h e r k i n  ( I r e d a l e  and  
Smi t h ,  1974).  In g h e r k i n  t h e  I n h i b i t i o n  by t h e s e  compounds was shown 
t o  be  m i x e d ,  t h e r e b y  s u g g e s t i n g  t h a t  t h e  I n h i b i t o r  I s  b i n d i n g  a t  a 
s i t e  o t h e r  t h a n  t h e  c a t a l y t i c  s i t e  on t h e  enzyme mo l ec u l e .  In l e t t u c e  
s e e d s ,  however ,  no I n h i b i t i o n  was ob s e r ve d  In t h e  p r e s e n c e  of  two  of
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t h e  e n d p r o d u c  + s  o f  t h e  p h e n y I  p r o p a n o l d  p a t h w a y  ( c o u m a r l n  and  
q u e r c e t l n ) .  A n o t h e r  e n d p r o d u c t ,  c h l o r o g e n l c  a c i d ,  d i d  show m i x e d  
I n h i b i t i o n  o f  PAL ( F i g .  7 ) .
Regulation o± EAL
One of  t h e  main o b j e c t i v e s  of  t h e  p r e s e n t  r e s e a c h  was t o  exami ne  
t h e  n a t u r e  o f  r e g u l a t i o n  o f  PAL in g e r m i n a t i n g  l e t t u c e  s e e d s  by 
v a r i o u s  s u b s t r a t e  a n a l o g u e s ,  and some I n t e r m e d i a t e s  and e n d p r o d u c t s  of  
t h e  phenyI p r op a n o l d  pa thway e s p e c i a l l y  t h o s e  t h a t  I n t e r f e r e  w i t h  t h e  
e n z y m e  a c t  I v i t y  J_q v  I t r o . Pheny  I a I an I ne ammonl  a -  I y a s e ,  be  I ng t h e  
f i r s t  e n z y m e  In t h e  p h e n y I  p r o p a n o l d  p a t h w a y ,  I s  an I m p o r t a n t  
r e g u l a t o r y  e n z y m e  c o n t r o l l i n g  t h e  f l u x  o f  p h e n y l a l a n i n e  I n t o  t h e  
s y n t h e s i s  of  v a r i o u s  p h e n o l i c  compounds.  These  compounds a r e  Invo lved  
In t h e  p r o t e c t i o n  of  t h e  p l a n t  a g a i n s t  fungal  and b a c t e r i a l  pa t hogens  
o r  In a l l e l o p a t h i c  I n t e r a c t i o n s  (Camm and Towers ,  1972).  I t  seems t h a t  
t h e  a c t i v i t y  of  PAL Is  p r e c i s e l y  r e g u l a t e d  In t h e  c e l l s  by c o n c e n t r a ­
t i o n s  o f  (1)  t h e  s u b s t r a t e  L - p h e n y  I a I an I ne  ( W a l t o n ,  196 8 ) ;  (2) t h e  
p r od uc t  of  t h e  e n z y m a t i c  r e a c t i o n ,  c i n n a m i c  a c i d  ( Johnson e t  a l ,  1975; 
S h i e l d s  e t  a l ,  1982);  (3) v a r i o u s  I n t e r m e d i a t e s  of  t h e  phenyI p r o p a n o l d  
pathway such as  p - c o u m a r l c  a c i d ,  c a f f e l c  a c i d  and,  f e r u l I c  a c i d  e t c .  
( A t t r l d g e  e t  a l , 1971).  Some of t h e s e  compounds r e g u l a t e  t h e  amount  
of  enzyme In t h e  c e l l s  whe r eas  o t h e r s  a c t  ma i n l y  t h r o u g h  t h e i r  e f f e c t s  
on enzyme a c t i v i t y  per  s e .
E x t e r n a l l y  s u p p l i e d  L - p h e n y l a l a n l n e ,  t h e  n a t u r a l  s u b s t r a t e  f o r  
t h i s  enzyme,  d i d  n o t  a f f e c t  PAL l e v e l s  I n 24 h o l d  g e r m i n a t i n g  l e t t u c e  
s ee d s  when used a t  a c o n c e n t r a t i o n  below 100 j j M. However ,  a t  500 jjM,
a s i g n  I f  l e a n t  I n h i b i t i o n  o f  PAL /  s e e d  was  we I I a s  PAL /  mg p r o t e l  n 
was o b s e r ve d  (Tab l e  3). Exogenous ly  a p p l i e d  L - ph e n y1 a I an Ine has  been 
r e p o r t e d  t o  I n h i b i t  e x t r a c t a b l e  PAL a c t i v i t y  In many t i s s u e s  (Zucker ,  
1 965 ;  W a l t o n ,  1968 ;  C r e a s y ,  1971) .  The m e c h a n i s m  o f  I n h i b i t i o n  h a s  
been s u g g e s t e d  t o  be due t o  t h e  I n c r e a s e d  p r o d u c t i o n  of  c i n n a m i c  a c i d  
a s  a r e s u l t  of  h igh  s u b s t r a t e  l e v e l s  ( see  d i s c u s s i o n  l a t e r ) .  However 
an I n c r e a s e  In c i n n a m i c  a c i d  l eve l  In t h e  p r e s e n c e  of h igh s u b s t r a t e  
l e v e l s  h a s  n o t  been  d e m o n s t r a t e d  c l e a r l y .  B u t  t h e  f a c t  t h a t  
exogenous  c i n n a m i c  a c i d  I n h i b i t s  t h e  l e v e l s  of  PAL In s ev e r a l  t i s s u e s ,  
m a k e s  t h  I s  a r e a s o n a b  I e  a s s u m p t i o n .  On s Im I I a r  I I  n e s ,  J a m e s  e t  a I . 
(1980) o b s e r v e d  t h a t  low c o n c e n t r a t i o n s  of  p h e n y l a l a n i n e  (5 x 10-5 
I nc r e a s e d  e x t r a c t a b l e  PAL a c t i v i t y  In J e r u s a l e m  a r t i c h o k e  c a l l u s  c u l ­
t u r e .
D-phenyI a l a n i n e ,  a c o m p e t i t i v e  I n h i b i t o r  of t h e  enzyme from g e r ­
m i n a t i n g  l e t t u c e  s e e d s ,  d i d  n o t  show any  s i g n i f i c a n t  e f f e c t  on t h e  
l e v e l s  of  PAL when used a t  c o n c e n t r a t i o n s  of  50 and 100 jjM a l t h o u g h  a t  
500 jjM a s l i g h t  b u t  s i g n i f i c a n t  s t i m u l a t i o n  of  t h e  enzyme a c t i v i t y  /  
s e e d  was  o b s e r v e d .  T h i s  I s  s i m i l a r  t o  t h e  s i t u a t i o n  in J e r u s a l e m  
a r t i c h o k e  t u b e r  t i s s u e ,  where  exogenous  D - p h e n y I a l a n l n e  was found t o  
c a u s e  a m a r k e d  s t i m u l a t i o n  o f  e x t r a c t a b l e  PAL when s u p p l l e d  In t h e  
c u l t u r e  medium ( Dur s t ,  1976).  I t  was s u g g e s t e d  t h a t  t h e  d e p l e t i o n  of  
t h e  c l n n a m a t e  pool due t o  t h e  c o m p e t i t i o n  of  D-pheny lal  a n l n e  w i t h  L- 
p h e n y l a l a n i n e  f o r  e n z y m e  a c t i v i t y  c o u l d  h a v e  r e s u l t e d  In i n c r e a s e d  
enzyme l e v e l s .  T h i s  s u g g e s t i o n  I s  based on t h e  a s s u mp t i on  t h a t  c i n n a -  
ma t e  I s  a f eedback  I n h i b i t o r  of  PAL (Zucker ,  1965).  S i m i l a r  r e s u l t s  
we re  r e p o r t e d  f o r  r a d i s h  c o t y l e d o n s  by H u a u l t  and Kl e l n -Eude  (1978).
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On t h e  o t h e r  h a n d ,  W a l t o n  (1968)  d i d  n o t  o b s e r v e  any  e f f e c t  o f  D- 
p h e n y l a l a n i n e  on PAL a c t i v i t y  In e x c i s e d  bean axes .  P - f I uo ro ph en y I  a I a -  
n l n e ,  a n o t h e r  s u b s t r a t e  a n a l o g u e ,  was found t o  be a s t r o n g  I n h i b i t o r  
o f  PAL a c t i v i t y  In g e r m i n a t i n g  l e t t u c e  s e e d s  (98$  I n h i b i t i o n  a t  500 
j l i M ) .  At  l o w e r  c o n c e n t r a t i o n s ,  t h e r e  was  a c o n c e n t r a t i o n  d e p e n d e n t  
I n h i b i t i o n  o f  both PAL a c t i v i t y  and t h e  r a d i c l e  g rowth  in t h e  p r e s e n c e  
o f  t h i s  compound.  Wal ton (1968) and Hopkins  and Orkwl szewsk i  (1971) 
found a s i m i l a r  I n h i b i t i o n  o f  PAL In e x c i s e d  bean a x es  and o a t  c o l e o p -  
t i l e s ,  r e s p e c t i v e l y ,  by p - f I uo r o ph e n y I  a l a n i n e .  No mechanism of t h i s  
I n h i b i t i o n  was s u g g e s t e d  by t h e s e  a u t h o r s .
T y r o s i n e  has  been shown t o  be a c o m p e t i t i v e  I n h i b i t o r  of  PAL from 
t i s s u e s  where  t h i s  enzyme can u t i l i z e  t y r o s i n e  a s  a s u b s t r a t e  (Koukol 
and  Conn,  1961 ) .  In t h e s e  t i s s u e s ,  m o s t  o f  t h e m g r a s s e s ,  t y r o s i n e  
a l s o  I n h i b i t s  t h e  c e l l u l a r  PAL l e v e l s .  C r e a s y  ( 1971)  f o u n d  t h a t  
e x o g e n o u s  t y r o s i n e  I n h i b i t e d  PAL a c t i v i t y  and  t h e  a c c u m u l a t i o n  of  
c i n n a m i c  a c i d  a s  wel l  a s  f l a v o n o i d s  In s t r a w b e r r y  l e a f  d i s c s  (PAL In 
t h i s  c a s e  s h o w s  TAL a c t i v i t y ) .  W a l t o n  ( 1 9 6 8 ) ,  h o w e v e r ,  o b s e r v e d  a 
s t i m u l a t i o n  o f  PAL by t y r o s i n e  In e x c i s e d  b e a n  a x e s ,  a t i s s u e  w h i c h  
does  n o t  show any TAL a c t i v i t y .  Our r e s u l t s  a g r e e  w i t h  t h e  f i n d i n g s  
of  Wal ton in t h a t  a s l i g h t  b u t  s i g n i f i c a n t  p r omo t io n  of  PAL a c t i v i t y  /  
seed was o b s e r v e d  wi t h  500 juM t y r o s i n e .  As w i t h  o t h e r  compounds t h a t  
s t i m u l a t e d  PAL a c o r r e s p o n d i n g  s t i m u l a t i o n  of  t h e  r a d i c l e  g r owt h  was 
a l s o  obs e r ve d .  I t  s hou l d  a l s o  be noted t h a t  PAL In g e r m i n a t i n g  l e t ­
t u c e  s e e d s  d o e s  n o t  show any  TAL a c t i v i t y .  On t h e  o t h e r  h a n d ,  t r y p ­
t o p h a n ,  a n o t h e r  r e l a t e d  a r o m a t i c  a m i n o  a c i d  s t r o n g l y  I n h i b i t e d  PAL 
a c t i v i t y  a s  w e l l  a s  r a d i c l e  e l o n g a t i o n  In t h e  p r e s e n t  s t u d y .  In
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l e t t u c e  s e e d s  t h e r e  was c o m p l e t e  s u p p r e s s i o n  of  g e r m i n a t i o n  a t  500 juM 
In p r e s e n c e  of  t r y p t o p h a n .  But  a t  l ower  c o n c e n t r a t i o n s ,  where  g e r m i ­
n a t i o n  was n o t  I n h i b i t e d ,  e l o n g a t i o n  of  t h e  r a d i c l e  was I n h i b i t e d  In 
p r o p o r t i o n  t o  t h e  c o n c e n t r a t i o n  of  t h i s  compound.  At t h e  same t i m e ,  
t h e r e  was a c o n s i s t e n t  d e c r e a s e  In t h e  a c t i v i t y  of  e x t r a c t a b l e  PAL per  
s eed .  A s i m i l a r  I n h i b i t i o n  o f  PAL by exogenous  t r y p t o p h a n  was r e p o r ­
t e d  e a r l i e r  In t o b a c c o  s u s p e n s i o n  c u l t u r e s  ( I n n e r a r l t y  e t  a l . ,  1972).  
P h e n y l  l a c t i c  a c i d ,  a n o t h e r  a n a l o g u e  o f  p h e n y l a l n i n e  had  no v i s i b l e  
e f f e c t s  on g e r m i n a t i o n  o r  PAL a c t i v i t y  In l e t t u c e  s ee d s
I t  h a s  b e e n  shown t h a t  h i g h  c e l l u l a r  c o n c e n t r a t i o n s  o f  v a r i o u s  
I n t e r m e d i a t e s  of  t h e  phenyI  p ro pa n o l d  pa thway can r e g u l a t e  PAL l e v e l s  
t h r o u g h  f e e d b a c k  I n h i b i t i o n  o f  t h e  e n z y m e  In g h e r k i n  h y p o c o t y l s  
( E n g e l s m a ,  1968;  J o h n s o n  e t  a l . ,  1 9 7 5 ) ,  J e r u s a l e m  a r t i c h o k e  ( D u r s t ,  
1976) ,  p o t a t o  t u b e r  s l i c e s  (Lamb, 1979) and pea e p l c o t y l s  ( S h i e l d s  e t  
a l . ,  1982).  In pea e p l c o t y l s ,  exogenous  suppl  t e s  of  t h e  pa thway I n t e r ­
m e d i a t e s  l i k e  t r a n s - c l n n a m I c  a c i d ,  p - c o um a r l c  a c i d ,  f e r u l I c  a c i d  and 
s l n a p l c  a c i d  w e r e  shown t o  I n h i b i t  t h e  I n i t i a l  d e v e l o p m e n t  o f  PAL 
a c t i v i t y .  I f  added a t  t h e  t i m e  when h igh enzyme l e v e l s  in t h e  t i s s u e  
had a l r e a d y  d e v e l o p e d ,  t h e s e  c o m p o u n d s  c a u s e d  a r a p i d  d e c r e a s e  In 
enzyme a c t i v i t y  ( S h i e l d s  e t  a l . ,  1982).  Lamb (1979) had e a r l i e r  shown 
t h a t  t h e  m o d u l a t i o n  o f  PAL by c i n n a m i c  a c i d  and  p - c o u m a r i c  a c i d  o c ­
c u r r e d  by a r a p i d  p o s t - t r a n s c r I p t l o n a l  mechanism.  The i n h i b i t o r y  e f ­
f e c t  of  exogenous  c i n n a m i c  a c i d ,  t h e  I mmedi a t e  p r o d u c t  of  t h e  enzyme 
r e a c t i o n ,  Is  e x p r e s s e d  q u i t e  r a p i d l y  In pea e p l c o t y l  t i s s u e  ( S h i e l d s  
e t  a l . ,  1982) where  I t  e x e r t s  a dual  c o n t r o l  bo th  over  t h e  p r o d u c l t o n  
and  t h e  r e m o v a l  o f  PAL. The a u t h o r s  h a v e  s u g g e s t e d  t h a t  t h e  d u a l
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c o n t r o l  ove r  p r o d u c t i o n  and t h e  removal  of  an enzyme by a p r o d u c t  may 
be of  g en e r a l  I mp or t a n c e  In s low g r owi ng  t i s s u e s  f o r  t h e  r a p i d  removal  
o f  b i o s y n t h e t i c  enzymes no l onge r  r e q u i r e d  by t h e  c e l l .  D u r s t  (1976) 
found t h a t  t h e  I n c r e a s e  in endogenous  c l n n a m a t e  l e v e l s  by t h e  I n h i b i ­
t i o n  of  c i n n a m i c  a c i d  h y d r o x y l a s e  ( f o r  which c i n n a m i c  a c i d  I s  a sub­
s t r a t e )  by a n a e r o b l o s l s  c a u s e d  a r a p i d  d e c l i n e  In PAL a c t i v i t y .  Upon 
r e t u r n  t o  a i r ,  t h e  a c c u m u l a t e d  c l n n a m a t e  was r a p i d l y  m e t a b o l i s e d  and 
PAL r e s u m e d  I t s  p r e v i o u s  a c t i v i t y .  T h e s e  r e s u l t s  c l e a r l y  I n d i c a t e  
t h a t  t h e  endogenous  l e v e l s  of c l n n a m a t e  may mo d u l a t e  c e l l u l a r  l e v e l s  
o f  PAL.
Noe e t  a I . ,  ( 1980)  on t h e  o t h e r  h a n d ,  s u g g e s t e d  t h a t  t h e  e f f e c t  
o f  t r a n  s - c  I nnam i c a c i d  on PAL may n o t  be s p e c i f i c .  They f o u n d  t h a t  
c i n n a m i c  a c i d  a t  a c o n c e n t r a t i o n  o f  10” ^ M was t o x i c  t o  t h e  g rowth  of 
c a r r o t  c e l l s  In c u l t u r e .  F u r t h e r m o r e ,  a r e d u c t i o n  In t h e  c o n t e n t  of  
s o l  ub I e  p r o t e  I n s  a t  t h a t  c o n c e n t  r a t  I on was  a I s o  o b s e r v e d .  The  s a m e  
a u t h o r s  r e c e n t l y  r e p o r t e d  t h a t  t r a n s - c  I nnam i c  a c i d ,  In f a c t ,  I n t e r ­
f e r e s  w i t h  p r o t e i n  s y n t h e s i s  In v i t r o  a s  wel l  a s  In v i v o . C o n s i d e r i n g  
t h e  t o x i c  e f f e c t s  o f  c i n n a m i c  a c i d  and  o t h e r  h y d r o x y c I n n a m I c  a c i d s  
(Noe e t  a l . ,  1 9 8 0 ) ,  o n e  w o u l d  e x p e c t  t h e  c e l l s  t o  t u r n  o v e r  t h e  
c i n n a m i c  a c i d s  r a p i d l y  In o r d e r  t o  a v o i d  t h e s e  d e t r i m e n t a l  e f f e c t s .  
S i nc e  t h e s e  s u b s t a n c e s  a r e  n o t  a c c u m u l a t e d  In t h e  c e l l s  t o  any g r e a t  
e x t e n t ,  ( Br aun  and S e i t z ,  1 9 7 5 ) , t h e i r  r o l e  In PAL r e g u l a t i o n  I s ,  
t h e r e f o r e ,  q u e s t i o n a b l e .
The I n h i b i t i o n  of  g e r m i n a t i o n  of  l e t t u c e  s e e d s  a t  500 jjM c i n n a m i c  
a c i  d (Tab I e 4) I s  n o t  s u p r  I s  I ng In I I g h t  o f  t h e  f a c t  t h a t  i t  h a s  been  
r e p o r t e d  t o  be an I n h i b i t o r  o f  g e r m i n a t i o n  in many s e e d s  ( R a s m u s s e n
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and  E l n h e l  I i g ,  19 7 9 ) .  H o w e v e r ,  a t  l o w e r  c o n c e n t r a t i o n s  (50 and  100 
j j M) w h e r e  g e r m i n a t i o n  was  n o t  I n h i b i t e d ,  t h e r e  was  a c o n c e n t r a t i o n  
d e p e n d e n t  I n h i b i t i o n  o f  PAL a c t i v i t y .  A s i g n i f i c a n t  I n h i b i t i o n  o f  
r a d i c l e  e l o n g a t i o n  was a l s o  o b s e r v e d  in t h e  p r e s e n c e  o f  c i n n a m i c  a c i d  
a t  t h e s e  c o n c e n t r a t i o n s .  C i nna mi c  a c i d  ca us e d  an I n h i b i t i o n  of  PAL /  
s e e d  e v e n  I f  s u p p l i e d  a f t e r  t h e  s e e d s  had a l r e a d y  g e r m i n a t e d  and  
deve l oped  high l e v e l s  of  PAL. When s ee d s  Inc u b a t ed  In w a t e r  f o r  12 h 
w e r e  t r a n s f e r r e d  t o  c i n n a m i c  a c i d  (10 o r  100  j j M) ,  t h e r e  was  a r a p i d  
d e c l i n e  In PAL a c t i v i t y  f o r  t h e  n e x t  24 h. The  k i n e t i c s  o f  t h e  
d e c l i n e  In PAL l e v e l s  In p r e s e n c e  of  c i n n a m i c  a c i d  d i f f e r  f rom t h o s e  
r e p o r t e d  e a r l  l e r  In t h e  p r e s e n c e  o f  a b s c l s l c  a c i d  (ABA) a n d  p o l y ­
e t h y l e n e  g l y c o l  ( D a l n e s  1981 ;  D a l n e s  and M l n o c h a ,  1 9 8 3 ) ,  In t h a t  t h e  
r a t e  o f  dec  I I ne  w I t h  c i n n a m i c  a c  I d was  much si  o w e r  t h a n  w I t h  ABA o r  
PEG.
A number of  of  he r  I n t e r m e d i a t e s  of  t h e  phenyI  p r o p a n o l d  pathway 
d i d  n o t  I n h i b i t  PAL a c t i v i t y  t o  t h e  s ame  e x t e n t  a s  c i n n a m i c  a c i d  a t  
c o m p a r a b l e  c o n c e n t r a t i o n s .  The o r d e r  of  e f f e c t i v e n e s s  of  i n h i b i t i o n  
o f  PAL by f o u r  of  t h e  compounds a t  100 pM c o n c e n t r a t i o n  was c i n n a m i c  
a c i d  > p - c o u m a r l c  a c i d  > f e r u l  Ic a c i d  > c a f f e i c  a c i d .  Th i s  Is  s i m i l a r  
t o  t h e  s i t u a t i o n  In d w a r f  F r e n c h  bean  s u s p e n s i o n  c u l t u r e s  ( Di xon  e t  
a I . ,  1980) and pea e p l c o t y l s  ( S h i e l d s  e t  a l . ,  1982).  Th i s  may r e f l e c t  
t h e  m e t a b o l i c  p r o x i m i t y  of  t h e s e  compounds t o  PAL In t h e  p h e n y l p r o -  
pano i d  pathway.
Some o f  t h e  e n d p r o d u c t s  o f  t h e  p h e n y I  p r o p a n o l d  p a t h w a y  l i k e  
c o u m a r l n s ,  f l a v o n o l d s ,  c h l o r o g e n l c  a c i d  e t c .  have been I m p l i c a t e d  In 
t h e  r e g u l a t i o n  o f  PAL a c t i v i t y  b a s e d  on t h e i r  n a t u r e  o f  In v i t r o
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i n h i b i t i o n  o f  enzyme a c t i v i t y .  Most  of  t h e s e  compounds showed mixed 
I n h i b i t i o n  I n  v I t r o  I n d i c a t i v e  o f  an a l l o s t e r l c  m o d u l a t i o n  o f  t h e  
e n z y m e  I n  v I vo ( A t t r  I d g e  e t  a I 1971;  I r e d a  l e a n d S m l t h ,  197 4 ) .  In 
t h e  p r e s e n t  s t u d y ,  of  t h e  e n d p r o d u c t s  of  t h e  phenyI p r opa no l d  pathway 
used,  o n l y  c h l o r o g e n l c  a c i d  showed mixed I n h i b i t i o n  of  PAL i n  v I t r o . 
But  when s u p p l i e d  ex o g e n o u s l y  t o  t h e  s e e d s ,  t h e s e  compounds were  a l l  
found t o  I n h i b i t  g e r m i n a t i o n  as  wel l  as  PAL a c t i v i t y  a t  500 fjM (Tabl e  
5).  At lower  c o n c e n t r a t i o n s ,  where  g e r m i n a t i o n  d id  o c c u r ,  t h e  I n h i b i ­
t i o n  o f  PAL a c t i v i t y  was  p r o p o r t i o n a l  t o  t h e  r e d u c t i o n  In r a d i c l e  
g rowth  In t h e  p r e s e n c e  of  t h e s e  compounds.  Amrheln e t  a I . ,  (1976) d i d  
n o t  s e e  much e f f e c t  on PAL a c t i v i t y  In b u c k w h e a t  in t h e  p r e s e n c e  o f  
e n d p r o d u c t s  of  t h e  p h e n y Ip r op an o l d  pa thway.
In al  I t h e  a b o v e  t r e a t m e n t s ,  a s t r o n g  c o r r e l a t i o n  was  o b s e r v e d  
b e t w e e n  PAL a c t i v i t y  a n d  t h e  g r o w t h  o f  t h e  r a d i c l e .  T h e s e  r e s u l t s  
g e n e r a l l y  s u p p o r t  t h e  e a r l i e r  o b s e r v a t i o n s  f rom t h i s  l a b o r a t o r y  t h a t  
w h e n e v e r  t h e  g r o w t h  o f  t h e  r a d i c l e  o f  g e r m i n a t i n g  l e t t u c e  s e e d s  i s  
a f f e c t e d  by e i t h e r  c h e m i c a l  f a c t o r s  ( eg .  p h y t o h o r m o n e s )  o r  p h y s i c a l  
f a c t o r s  (eg. f a r  r ed  l i g h t ,  h igh  o s mo t i c ! s m)  (Dalnes ,  1981; Da lnes  and 
Mi n o c h a ,  1 983 ;  Da I n e s  e t  a I . ,  1 983)  t h e r e  I s  a con com I t a n t  e f  f e e t  on 
PAL a c t i v i t y  p e r  s e e d .  An I m p o r t a n t  q u e s t i o n  a r i s i n g  o u t  o f  t h e s e  
s t u d i e s  I s ,  " wha t  I s  t h e  c a u s a t i v e  r e l a t i o n s h i p  be t ween  t h e  changes  in 
PAL a c t i v i t y  and  t h e  g r o w t h  o f  t h e  r a d i c l e ? "  The I n h i b i t i o n  o f  
r a d i c l e  e l o n g a t i o n  In l e t t u c e  s eeds  In t h e  p r e s e n c e  of  v a r i o u s  pheny I-  
p ropano l d  compounds c ou l d  be due t o  t h e i r  I n h i b i t o r y  e f f e c t  on v a r i o u s  
g r owt h  p r o c e s s e s  and mos t  l i k e l y  n o t  due t o  t h e i r  e f f e c t  on t h e  I n h i ­
b i t i o n  of  PAL a c t i v i t y .  In f a c t ,  p h e n o l i c  compounds a r e  known t o  be
93
n a t u r a l  I n h i b i t o r s  o f  g e r m i n a t i o n  and r a d i c l e  g rowth  In s e v e r a l  c a s e s  
(Rasmussen and E l n h e l l J g ,  1979).  Some of them a r e  known t o  I n t e r f e r e  
w i t h  I nd o l e  b i o s y n t h e s i s  (Kefel  I and Kutacek,  1976).  Whereas o t h e r s ,  
s u c h  a s  t r a n s - c  I nnam i c a c i d  h a v e  been  r e p o r t e d  t o  h a v e  a n t i - a u x i n  
p r o p e r t i e s  (Van Overbeek e t  a I . ,  1951).
In an a t t e m p t  t o  e x p l a i n  t h e  h i g h  c o r r e l a t i o n  o b s e r v e d  b e t w e e n  
PAL a c t i v i t y  and r a d i c l e  e l o n g a t i o n ,  t h e  d i s t r i b u t i o n  of  PAL a c t i v i t y  
In d i f f e r e n t  seed p a r t s  was examined.  I t  was a o b s e r ve d  t h a t  95$ o f  
t h e  e x t r a c t a b l e  PAL a c t i v i t y  was In t h e  r a d i c l e s  of  g e r m i n a t i n g  l e t ­
t u c e  s e e d s  ( T a b l e  6) .  T h i s  r e s t r i c t e d  l o c a l i z a t i o n  o f  PAL In t h e  
r a d i c l e  I s  q u i t e  c o n s i s t e n t  w i t h  t h e  s t r o n g  c o r r e l a t i o n  o f  PAL 
a c t  I v I t y  and  r a d i c l e  l e n g t h  o b s e r v e d  In a l l  t h e  t r e a t m e n t s  g i v e n  t o  
t h e  s ee d s .  These  r e s u l t s  a r e  a l s o  s i m i l a r  t o  t h e  e a r l i e r  r e p o r t s  of  
t h e  p r e s e n c e  o f  h igh  l e v e l s  of  PAL In t h e  r o o t s  of  e t i o l a t e d  buckwhea t  
( Amr he I n  and  Z e n k ,  1 9 7 1 ) ,  e t I o I a t e d  r a d  I s h  (Bel  I InI  and  Van P o u c k e ,  
1970) and e t i o l a t e d  I m p a t i e n s  s e e d l i n g s  (Wei ssenbock,  1972).
The e f f e c t  o f  PAL I nh i b I t i  on on grow t h  h a s  b e e n  s t u d  I ed In 
t h e  p a s t  In e x c i s e d  b e a n  a x e s  ( W a l t o n ,  1968)  and  o a t  c o l o e p t l l e s  
(Hopkins  and O r k w I s z e w s k i , 1971).  Wal ton (1968) o b s e r v e d  an I n c r e a s e  
In t h e  f r e s h  w e i g h t  of e x c i s e d  bean axes  f o l l o w i n g  I n h i b i t i o n  of  PAL 
a c t i v i t y .  H o p k i n s  and  O r k w l s z e w s k i  (1971)  a l s o  f o u n d  t h a t  r e d u c e d  
l e v e l s  o f  PAL w e r e  a c c o m p a n i e d  by an i n c r e a s e d  e l o n g a t i o n  in o a t  
c o l e o p t l l e .  The a u t h o r s  e x p l a i n e d  t h i s  r e l a t i o n s h i p  of PAL t o  g r owt h  
in t e r m s  of  t h e  r educe d  p r o d u c t i o n  of phenyI p ropano l d  compounds which 
would have I n h i b i t e d  g rowt h .  A s i m i l a r  s t i m u l a t i o n  of  r a d i c l e  g r owt h
L
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was o b s e r v e d  In g e r m i n a t e d  l e t t u c e  s e e d s  In t h e  p r e s e n c e  of  <*-amInoxy-j3- 
-phenyI  p r o p i o n i c  a c i d  (AOPP) a s p e c i f i c  I n h i b i t o r  of  PAL ( Tab l e  7).
When l e t t u c e  s e e d s  Inc u b a t ed  In w a t e r  f o r  12 h were  t r a n s f e r r e d  
t o  AOPP a r a p i d  d e c l i n e  In PAL a c t i v i t y  was o b s e r v e d  which c o n t i n u e d  
t h r o u g h  36 h. T h e r e  was a s l i g h t  s t i m u l a t i o n  o f  r a d i c l e  e l o n g a t i o n  in 
t h e  p r e s e n c e  o f  AOPP in c o n t r a s t  t o  t h e  e f f e c t  o f  o t h e r  s u b s t r a t e  
a n a l o g u e s  t h a t  i n h i b i t e d  PAL a c t i v i t y  ( F i g .  10) .  One o f  t h e  m o s t  
common e f f e c t s  o f  AOPP i s  a s u b s t a n t i a l  i n c r e a s e  In e x t r a c t a b l e  PAL 
a c t i v i t y  In I t s  p r e s e n c e  ( A m r h e i n  and  G e r h a r d t ,  1979;  Duke e t  a l . ,  
1 980 ;  No6 e t  a l . ,  1980 ;  Noe and  S e i t z ,  1982;  T u t s c h e k ,  1982) .  T h i s  
i n c r e a s e  In PAL a c t i v i t y  was  a t t r i b u t e d  t o  t h e  d e c r e a s e d  f e e d b a c k  
I n h i b i t i o n  of  PAL s y n t h e s i s  by c i n n a m i c  a c i d  and /  o r  i t s  d e r i v a t i v e s  
(Duke e t  a l . ,  1 9 8 0 ) .  In c o n t r a s t  t o  t h e s e  r e p o r t s ,  In t h e  p r e s e n t  
s t u d y ,  AOPP c aus ed  a s t r o n g  i n h i b i t i o n  of  e x t r a c t a b l e  PAL a c t i v i t y  In 
g e r m i n a t i n g  l e t t u c e  s e e d s  ( T a b l e  7 ) .  Even d i a l y s i s  of  t h e  c r u d e  
e x t r a c t  c o u l d  n o t  r e s t o r e  t h e  e n z y m e  a c t i v i t y .  In o r d e r  t o  t e s t  
w h e t h e r  t h i s  I n h i b i t i o n  of  PAL c ou l d  be due t o  t h e  s y n t h e s i s  of  a low 
m o l e c u l a r  w e i g h t  p r o t e i n a c e o u s  i n h i b i t o r ,  ammonium s u l p h a t e  p r e c i p i ­
t a t e d  e n z y me  o b t a i n e d  f r o m  AOPP t r e a t e d  s e e d s  was  u s e d  f o r  e n z y m e  
a s s ay .  Enzyme a c t i v i t y  p e r  seed  was s t i l l  a s  low as  In t h e  o r i g i n a l  
e x t r a c t .
One o f  t h e  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  I n h i b i t i o n  o f  PAL 
a c t i v i t y  by AOPP c o u l d  be  t h a t  AOPP c o u l d  b i n d  t o  PAL I r r e v e r s i b l y  
l e a d i n g  t o  I t s  i n a c t i v a t i o n .  To t e s t  t h i s  h y p o t h e s i s ,  24 h o l d  g e r m i ­
n a t e d  s ee d s  were  homogeni sed in an e x t r a c t i o n  b u f f e r  c o n t a i n i n g  AOPP. 
The  e n zy m e  was  a s s a y e d  b e f o r e  and  a f t e r  d i a l y s i s  o f  t h e  e x t r a c t .  A
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s u b s t a n t i a l  d e c r e a s e  In e n z y m e  a c t i v i t y  was o b s e r v e d  In both c a s e s ,  
I n d i c a t i n g  t h a t  t h e  b i n d i n g  of  AOPP t o  PAL may be I r r e v e r s i b l e  T a b l e  
8 ). A s i m i l a r  e f f e c t  of  AOPP on PAL has  been r e p o r t e d  In soybean c e l l  
.pa s u s p e n s i o n  c u l t u r e s  ( Hav l r ,  1981),  where  AOPP was found t o  b ind  t o  
PAL I r r e v e r s i b l y  l e a d i n g  t o  I t s  I n a c t i v a t i o n .
Even t hough AOPP Is c o n s i d e r e d  t o  be a s p e c i f i c  i n h i b i t o r  of  PAL 
a c t i v i t y ,  I t  has  a l s o  been shown t o  I n h i b i t  p h e n y l a l a n i n e  t r a n s a m i n a s e  
( A m r h e l n  e t  a l . ,  1976) .  The p o t e n c y  o f  I n h i b i t i o n  w a s ,  h o w e v e r ,  f a r  
l e s s  pronounced t h a n  In t h e  c a s e  of  p h e n y l a l a n i n e  d e a m i n a t i o n .  AOPP 
h a s  a l s o  b e e n  r e p o r t e d  t o  I n h i b i t  o t h e r  t r a n s a m i n a s e s  ( J o h n  e t  a l . ,  
1 9 7 8 ) .  T h i s  I n h i b i t i o n  o f  t r a n s a m i n a t i o n  by AOPP c o u l d  e x p l a i n  t h e  
I n h i b i t i o n  of  e t h y l e n e  s y n t h e s i s  o b s e r ve d  In t h e  p r e s e n c e  of  AOPP In 
some t i s s u e s  (Amrheln and Wenker ,  1979).  Yu e t  a l . ,  (1979) s u g g e s t e d  
t h a t  t h e  s i t e  o f  I n h i b i t i o n  o f  e t h y l e n e  s y n t h e s i s  by am I n o x y a c e t I c  
a c i d  (AOA), a n o t h e r  s u b s t r a t e  a n a l o g u e  c l o s e l y  r e l a t e d  t o  AOPP, c o u l d  
be  1- am I n o c y c I o p r o p a n e  c a r b o x y l a t e  s y n t h a s e ,  a p y r l d o x a l  p h o s p h a t e  
c o n t a i n i n g  e n z y m e  l i k e  t r a n s a m i n a s e s .  Amrheln ( pe r s o n a l  communica­
t i o n )  s u g g e s t e d  t h a t  t h e  s t i m u l a t i o n  of  r a d i c l e  e l o n g a t i o n  o b s e r v e d  In 
g e r m i n a t i n g  l e t t u c e  s e e d s  In t h e  p r e s e n c e  o f  AOPP c ou l d  be a s econda r y  
e f f e c t  of  I n h i b i t i o n  of  e t h y l e n e  s y n t h e s i s  by t h i s  compound.  To check  
t h i s  p o s s I b I I  I t y  t h e  p r o d u c t  I on o f  e t h y I e n e  by g e r m I n a t I n g  I e t t u c e  
s e e d s  o ve r  a p e r i o d  o f  72  h was m o ni to r ed .  I t  was found t h a t  e t h y l e n e  
s y n t h e s i s  was Indeed I n h i b i t e d  by c o n c e n t r a t i o n  of  AOPP, t h a t  c aused  a 
p r omo t io n  of  r a d i c l e  g r o w t h  (Fig .  11).
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P u r i f i c a t i o n  o f  PAL
Most  of  t h e  PAL a c t i v i t y  In g e r m i n a t i n g  l e t t u c e  s e e d s  was found 
t o  be c o n f i n e d  t o  t h e  r a d i c l e s  whereas  mos t  of  t h e  p r o t e i n  was p r e s e n t  
In t h e  c o t y l e d o n s  and  t h e  p l u m u l e .  He nc e  t h e  r a d i c l e s  w e r e  u s e d  a s  
t h e  s o u r c e  o f  t h e  enzyme f o r  p u r i f i c a t i o n .  S i nc e  e x c i s e d  r a d i c l e s  we re  
used a s  t h e  s ou r c e  of  t h e  enzyme f o r  p u r i f i c a t i o n  I n s t e a d  of  t h e  whole  
s e e d l i n g s .  I t  was p o s s i b l e  t o  s t a r t  w i t h  a s a mp l e  of  r e l a t i v e l y  high 
s p e c i f i c  a c t i v i t y  (6.2 u n i t s  o f  PAL/mg p r o t e i n ) .  The I n i t i a l  s p e c i f i c  
a c t i v i t y  of  PAL from mos t  o t h e r  s o u r c e s  I s  g e n e r a l l y  q u i t e  low. Such 
a h i g h  s p e c i f i c  a c t i v i t y  In t h e  r a d i c l e s  o f  l e t t u c e  s e e d l I n g s  I n d i ­
c a t e s  a r e l a t i v e l y  h igh  p r o p o r t i o n  of  PAL in t h i s  t i s s u e  a s  compared 
t o  mos t  o t h e r  t i s s u e s .
The  f i r s t  s t e p  In t h e  p u r i f i c a t i o n  o f  PAL f r o m  l e t t u c e  s e e d s ,  
I i k e  m o s t  o t h e r  s c h e m e s ,  was  ammoniurn s u l p h a t e  p r e c i p i t a t i o n .  In 
o t h e r  s t u d i e s  on PAL p u r i f i c a t i o n  t h i s  s t e p  r e s u l t e d  In a two t o  n i n e  
f o l d  p u r i f i c a t i o n  o f  t h e  e n z y m e  ( H a v i r  and  H an s o n ,  1968;  Ernes and 
V i n l n g ,  1970;  Z i m m e r m a n n  and  H a h l b r o c k ,  1975 ;  T a n a k a  and U r i t a n l ,  
1977 ;  G u p t a  and  A c t o n ,  1979;  L o s c h k e  e t  a l . ,  1981 ;  H a v l r ,  19 8 1 ) .  In 
l e t t u c e  s e e d s  ammonium s u l p h a t e  p r e c i p i t a t i o n  y i e l d e d  a t h r e e  f o l d  
i n c r e a s e  in t h e  s p e c i f i c  a c t i v i t y  o f  t h e  e n z y m e  ( T a b l e  10) .  The  
e n z y m e  In t h i s  c a s e ,  l i k e  In m o s t  p r e v i o u s  s t u d i e s ,  p r e c i p i t a t e d  
be t ween  30 and 55% s a t u r a t i o n  of  ammonium s u l p h a t e  (Table  9). T h i s  I s  
in c o n t r a s t  t o  t h e  enzyme f rom p o t a t o  (Havl r  and Hanson,  1968) ,  which 
was p r e c i p i t a t e d  b e t wee n  27 and 40$ s a t u r a t i o n ,  and a l s o  from m u s t a r d  
c o t y l e d o n s  ( Gu p t a  and  A c t o n ,  1979)  w h e r e  i t  p r e c i p i t a t e d  b e t w e e n  30  
and 45$ s a t u r a t i o n  w i t h  ammonium s u l p h a t e .  As high a s  60 - 90$  of  t h e
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o r i g i n a l  a c t i v i t y  In t h e  c r u d e  e x t r a c t  c o u l d  be r e c o v e r e d  a f t e r  
d e s a l t i n g  o f  t h e  ammonium s u l p h a t e  p r e c i p i t a t e d  p r o t e i n  on Sephadex 6 -  
50. D i a l y s i s  t o  remove ammonium s u l p h a t e  g e n e r a l l y  r e s u l t e d  In lower  
r e c o v e r i e s  of  enzyme a c t i v i t y .
The  s e c o n d  s t e p  In t h e  p u r i f i c a t i o n  o f  PAL f r o m  g e r m i n a t i n g  
l e t t u c e  s e e d s  e m p l o y e d  S e p h a d e x  G-200  c o l u m n  c h r o m a t o g r a p h y .  T h i s  
t e c h n i q u e  proved t o  be q u i t e  e f f e c t i v e  and y i e l d e d  a 5 f o l d  p u r i f i c a ­
t i o n  o f  t h e  e n z y m e  ( T a b l e  10) .  T h i s  I s  c o m p a r a b l e  t o  t h e  3 - 8  f o l d  
p u r i f i c a t i o n  t h r o ug h  gel  p e r m e a t i o n  t h a t  o t h e r  a u t h o r s  have r e p o r t e d  
u s i n g  S e p h a d e x  G-200  o r  S e p h a r o s e  6 B ( H a v l r  and H a n s o n ,  1968;  
Zlmmermann and Ha h l b r oc k ,  1975; Tanaka and U r l t a n l ,  1977; Loschke  e t  
a I. ,  1981; H a v l r ,  1981).  Tanaka and U r i t a n l  used two c o n s e c u t i v e  gel  
f i l t r a t i o n  s t e p s  f o r  p u r i f i c a t i o n  of  PAL from s w e e t  p o t a t o ,  one w i t h  
S e p h a d e x  G-200  and  t h e  s e c o n d  w i t h  S e p h a r o s e  6 B. The  f i r s t  s t e p  
r e s u l  t e d  in a 6 f o l d  and  t h e  s e c o n d  a f u r t h e r  2 f o l  d p u r l  f I c a t  I on o f  
t h e  enzyme (Tanaka and U r l t a n l ,  1977).
The t h i r d  s t e p  In t h e  p u r i f i c a t i o n  of  PAL from l e t t u c e  s e e d s  was 
Ion exchange  c h r oma t o g r ap h y  u s i n g  DEAE c e l l u l o s e .  Th i s  s t e p  removed a 
good p r o p o r t i o n  of  t h e  unwanted p r o t e i n s .  But I t  a l s o  r e s u l t e d  In a 
s u b s t a n t i a l  l o s s  of  enzyme a c t i v i t y .  Thi s  method has  been used in t h e  
p a s t  In t h e  p u r i f i c a t i o n  of  PAL from p o t a t o  (Havl r  and Hanson,  1968),  
S t r e p t o m y c e s  (Ernes and  V l n i n g ,  1 970 ) ,  oak ( B o u d e t  e t  a l . ,  1 9 7 2 ) ,  
p a r s l e y  (Zlmmermann and Hah l b rock ,  1975),  s p i n ac h  (Ni zh l zawa  e t  a l . ,  
1 979)  and  p ea  ( L o s c h k e  e t  a l . ,  1981) .  Two f o r m s  of  t h i s  e n z y m e  w e r e  
d I s t I n g u I s h a b I e  by DEAE c e l  I u I o s e  c h r o m a t o g r a p h y  In oak  ( B o u d e t  e t  
a l . ,  1972).  They d i f f e r e d  p r i n c i p a l l y  In t h e i r  opt imum pH and a l i o s -
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t e r l c  p r o p e r t i e s .  M i n a m l k a w a  and  U r l t a n l  ( 1965)  a l s o  r e p o r t e d  t w o  
f o r m s  o f  PAL s e p a r a b l e  by DEAE c e l l u l o s e  c h r o m a t o g r a p h y  In s w e e t  
p o t a t o ,  b u t  l a t e r  s t u d i e s  f r o m  t h e  s am e  l a b o r a t o r y  m e n t i o n  o n l y  o n e  
f o r m  of  t h e  e n z y m e  ( Ta n a k a  and U r l t a n l ,  1977) .  T h r e e  f o r m s  o f  PAL 
s e p a r a b l e  by DEAE c e l l u l o s e  c h r o m a t o g r a p h y  h av e  b e e n  r e p o r t e d  In 
s p i n a c h  l e a v e s ,  t wo  of  them coming,  one be i ng  from t h e  c h l o r o p l a s t  and 
o n e  f r o m t h e  c y t o p l a s m  ( N I z h l z a w a  e t  a l . ,  1979 ) .  In l e t t u c e  s e e d s ,  
however ,  t h e r e  was no I n d i c a t i o n  of  t h e  p r e s e n c e  of  more t h a n  one  form 
o f  PAL.
F o l l o w i n g  DEAE c e l l u l o s e  c h ro ma t o g r ap h y ,  h y d r o x y l a p a t l t e  chroma­
t o g r a p h y  on a B i o  Gel HTP c o l u m n  was  u s e d .  T h i s  t e c h n i q u e  h a s  b e e n  
u s e d  In t h e  p a s t  f o r  t h e  p u r i f i c a t i o n  o f  PAL f rom p o t a t o  ( H a v l r  and 
H a n s o n ,  1 9 6 8 ) ,  w h e a t  ( N a r l  e t  a l . ,  1 9 7 2 ) ,  p a r s l e y  ( Z l mm e r m a n n  and 
Hah l b rock ,  1975) ,  s p i n a c h  (NIzh lzawa  e t  a l . ,  1979) and soybean (Havl r ,  
1981) where  I t  y i e l d e d  a 2-3  f o l d  p u r i f i c a t i o n .  In t h e  p u r i f i c a t i o n  
o f  PAL from l e t t u c e  s e e d s  t h i s  t e c h n i q u e  I nc r e a s e d  t h e  s p e c i f i c  a c t i ­
v i t y  f rom 147 t o  232 u n i t s  /  mg p r o t e i n  (Table  10).
Thus u s i n g  a c o m b i n a t i o n  of  f ou r  d i f f e r e n t  t e c h n i q u e s ,  PAL from 
g e r m i n a t i n g  l e t t u c e  s e e d s  was  p u r i f i e d  37 f o l d  y i e l d i n g  a s p e c i f i c  
a c t i v i t y  o f  232 .  S i n c e  t h e  s t a r t i n g  m a t e r i a l  had a r e l a t i v e l y  h i g h  
s p e c i f i c  a c t i v i t y  t h e  f i n a l  s p e c i f i c  a c t i v i t y  o b t a i n e d  in t h e  p r e s e n t  
c a s e  I s  c o m p a r a b  I e  t o  t h a t  o b t a  I ned  f o r  o t h e r  p u r  I f i c a t  i on s c h e m e s .  
The f i n a l  y i e l d  I s  o n l y  a b o u t  2% of  t h e  o r i g i n a l  e x t r a c t .  T h i s  c ou l d  
be  p a r t l y  due  t o  t h e  f a c t  t h a t  mo r e  e m p h a s i s  was  g i v e n  t o  a c h i e v e  a 
h i g h  d e g r e e  o f  p u r i f i c a t i o n  r a t h e r  t h a n  a h i g h  y i e l d  o f  t h e  e n z y me
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and,  t h e r e f o r e ,  o n l y  t h e  f r a c t i o n s  p o s s e s s i n g  r e a s o n a b l y  h igh s p e c i f i c  
a c t i v i t y  f o r  t h e  enzyme were  poo l e d  a f t e r  each s t e p .
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